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TECHNICAL REPORT R-130

ANALYSIS OF THERMAL-PROTECTION SYSTEMS FOR SPACE-VEHICLE

CRYOGENIC-PROPELLANT TANKS

SUMMARY /_
{ ¢.'

Aiml!itical lecltnique,_' are l.V.wmled lkat t..rmit

lh,e cah'ulothm q/" Iwat-lran,@_r rate,_" with rarh,u,_

thermal-protection .,'?l._'tem,; ./br liqu/d-cr!toge,/c-

propellant tankx subjected to on-hoard, ,_olar, am/

planetary h_tt .fltares. 7'h,e thermel-proh, ction
._l,_tems considered include using closdy ,H_aced

reflective su@u'c,_" (fbil,_) aml wlddy xpaced re flectic_
,_',u_face,_ (xhadow ,_h,ield._,), itt,s.ulation, arraIclrmeld

q{ cehiele eompone_d,_', orie,lathm wilh, rexpeet to

redlant heatin9 xource._', eml coatings.for the control

o.( ,_.olar ebxorpticity. The _._.clirem.._'s qf tb.xc

thermal-protectbm sy,qems M reducMg propelhtnt

heating 'is ,du_wn, both fi,' idea! heat-tral_.@,r modHs

and .for a ._impl1"fied hydroyet_-OJ?l(./en termMal

,_tage o, a 3lars mL_s'hm.

Th,e proper orh'nlatio_ q/'a Hmce-cehiele cryo!lt'n/e

tank with re,_pret to tl_e Sun '1,_ one q[ the more
benefcial meth,od,_ q[ reducing the heatMg _:ffect qf

•_'oM'fluz.
Shadow shiehlx ca_t be es'tremehl effecti_v it_

rrducin 9 the },'opelhtld tteat/l_ 9 due to both ,_oh.'

and on-bo(trd flu;r_x. Ihru'erer, low-altitude planet

orbitx ten rexult in bi_.lh propdlant heatin9 rates

due to planetary radiation reflected./)'om the ,_hiehlx.

_br low-altitude orbits q/" m¢_re than _ .l'ew days,
/o;Is appear to be dexirable for all cr?/oge_ie-ta_d"

,_utface._'. f'oil,_ are also edf_'ctice i_t r_,du,cin 9 the

m_-board heating. ,i choice oj" ,_hado'w shidd,_ or

.�)dis cannot be made until a particular rehh'le and

e particular m'i,_._'icm are chosen.

The thermal eo,dueticity of in,_'ulation mat_,rial._"

u,,ouhl have to be lower by about two orders I!t ma 9-

nitude with _o ire're axe in density be.for_ M,,'uhttiou

could compete with rLflectire s,u@u!_,,_ .[or u,_'e itt

hmg-duratio_t therm_tl protecticm q[ cryogenic ta_#s
in ,Hmee.

7'o demo_sh'ate the, application ¢!1 the methorlx

derixed, thermal-protect/ot_ ,_!l,_.lemx are developed

.for a h!ldroge_-o.r!lge_ terminal xhtgr .fin" typh'aI
Marx misxionx.

INTRODUCTION

(_ryogenic (low-teml)eratm'e) liquids are among
the besl prolwlhmls currently awdlabh_ for both

chemical- aml nuch,m'-rockel stages. Presenily,
the highest specific impulses for e/wmical rockets

are oblaim,d by using hydrogen and oxygen or

hydrogen aml tluorine as propelhmts. Man 5

proposed tmehmr-rocket prolmlsion systems uti-

lize hydrogen as the working th,id.

During the course of at, il_terphmetar.v space

mission, ]w.1 Iransfer to _h_,se cryogenic liquids

from the Sun, phmets, phmet almospheres, aml

from mher compmwnis of the rocket vehMe is
im,vitable. This healin_z causes i)ropelhmt vapor-

ization aml <x)nsequenl loss hv v(n|ing Unl,,s,

lhese /ossos are snmll tho l)Oten/ia] advantagre of

using cryogenic propellants would bc negaled.

Thus, thermal proteclion of the cryogenic liquid

from tin' adverse heating (,nviromnenl is required.

Tim obj(,(;lives of this report are lo examine the

problem of heat absorption by cryogenic pro-

l)_qlanls due to the thormal-radiation environ-
menl of space and to compare lhe efl'eeliveness of

various (hermal-l)roh,('tion d(wices for sl)e('itie

ai)pli(mlions. Aoro(lynami(' healing of 1)ropel-

hm|s during boost has ah'eadv been discussed in

r(,f(,r(,n(_es 1 and 2. Th(, storage of propelhmts
in (.ireular salellile orbils has been lreaied in

references 3 and 4. References 5 and 6 have

examim,d lhe probhqn of propelhmt storage in

lhe space enviromnent, away from planets. A_
.mdysis of hydrogen slot'age ])rol)lems for a

1
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nuclcar-ro<'kot ,_ission to Mars ()r Vt,ntJS was

made ill reM't,m'e 7. The t]ll,rmal-proto<'tion

systeins consid(,rl,d wore rl,tM,tive shields, at tit tl/lt,

control, l'efrigl,ration, and freozillg, The probh, nl

of cryogenic-prollolh/nt boiloff for hb'pothl, tical

+_btrs and Vonus trips using/13'drogon mid oxygl,n

pl'opellants }l_ts boon .Imlyzed in l'ofl'rol_ce ,X.
Thc nwthods of l'(q'lq'tqlC( + 8 Wlq'O Ilsed in rl,fcr_,,l'o

_+) to m'cOlltlt [or till, thi'rnull-proteetion svstoltls

requit'ctl on Illllltttt'd nuclear-l'Ottktq, missions to

+\tars.

This report pro\'ilh,s the I)asi_. nletho,ls of

analysis required to predict lho heat-truilsfer

rates through various thernml-pl'otectiol+ devil.e+,

tlltlS facilitating the c}loicc <)[ a ttlernull-I)rotl,ction

systetn for a partieuhtr application. The results

t)l'eSolll('(] ill ref(q'ence S were tIltSOd on tilt' tllllt-

lyrical tochniques pvosontt,d hen,in. Whero f(,+l-

sil)le, colnparisolls of tho results of lilt, pr<,s<,nt

work with till+ results of other invostigators have

been ilmhlded. Sevenll methods of rl,lhlcing
pt'ol)ellattt heating :ire analyzed ill this t'epot't,

inchiding spacing between conlt)onents 17t' tim

vehicle, thernnll-radiatioit shielding, orientation

of the vehMe with respect to ill(, Sun, and coatings.

'I'h(' oi_(,(,liVtqless o[ those tht,rmal-i)rotection

nlethods is (5Olllt)lll'Pd for t'edueing both on-bo_u'd

and external heating from the Sun aml planets.

To clarify the procedure for choosing a p:u'ticulal'

therlnal-protection systenl, the design of such

svstetns for a hypotht, tical hydrogen-oxygen
chenlical-l'ocket tornlinal stage for Mars lnis_ions
is include(I.

AN ALYSIS

The sources of t)rOl)ellant healing may |7(,

eithl,r internal or external with respect, to tile

rocket vehicle. Several methods of prote('tio]l

against till,st, hcat iluxt,s will tit, discussed.

m.:AT SOVRCvs

On-board sources.-The on-boaM sources of

heat flux are the adja<'l,nt ('OtUl)OlWnts of the
vehicle (i.e., any tmt't of tilt, v/,hich, to which tilt,

prol)<'lhmt will be exposed), anll ]lu<'h,m' radiation

(assuming a l'ea('tor is on boar<l for eithor pro-

pulsion Ol' auxilim'y I)Owt, r)+ Heating ('ause(l 173-

the galniua rays and ntqlll'Oll fhlX o[ it. l't'.a(:t:Ol'

has lTcen investigated in reft,rl+ncl, 10. Thereforl,,

no further tret+tutent of nuelear-heltting effects
will lie lna(te h(,reiI,.

1h,ating (71'cryl>gcnic l)l'Ol)l,llaI_lS flu<, to adjacent.

('onqTonl,nts is causl,<l by tht,rnml radia.tion antl

fly condu(!tion thi'ough l)ro17ellalJt lines and
strtt('tt|ra] IllOlll|)t'l'S. Tht, rato i)f hollting I)\

t'atliation is al)llr(ixhnatety l)t'oportiona[ to till'

(lifft'rl,n('t, l)tqwo(,n tit/+ f(lurt]+ p()w(,rs o1' thl,

M)solutl' IOmllorattm,s <if lh(, adja('enl <'olJ,171)m,l_t

and th(, 171'0IT(,llant. This <'a+l I>l,('om(, rohltivt,ly

large if' +t low-tcnlperltlur'(, <'ryogenic is near a

high-tl,m])et'aturt, (about roonl tl,lnpl,rnluro or

warmer) colnllOlwnt+ The t'lttt' (71' h(qlt tt'lltlSl'tq'

l)Or unit area by condu('tio]l is (]ii'l,('tlv tTrOlTor-

tional to the product of t(qlil)l,raluv(, <liffm'en('c

ltt, tW(,vn alljacl,nt COlnlTl>n(,nts and th(,l'nml +'lm-

du('tivity (>J' the <'onductor, trod inv/,rs<,ly ]Tro-

portitmal to tilt, length of the heat l)ttth+ Heat
transl'orred ])y ('ondttctioll is th(q't,f()vl, a fun/'lion

o1' till, /h,sign reatur,'s and dt,taih,d stt'uctural

+'otlfiguratilTn of ca('h slTc,.ili(' vohMt, aml is nob

anwnabh, It> gt,rwralizo(I trl,iilnwnt. For this

l'l>tl_SOll, I)Ill\" hpllt tl'lltlSl't,t'l't'l[ tllllOtlg I'()llll)l)llflltS

lly radiation is <'onsidered iu this t'epot't. The

slrll<'llli'a] tUl'ml>ol'S that sl,i)aratt, alld SUl>l>ort

propl,llanl tanks i_lusl t>t' th'sigi+/'<| so as to onsure
low rates (If lit'at ('on<limit(ill. This In+Iv lit' (lone

I_v usingl(Iw-vonllu<'ti\,it \' laulirult(,d slairth,ss-sll,ol
sttppol'ts, for t,Xmnl)h,.

External sources. The oxt(,rtlal SOlll'('l,s of Ill'Ill

are the Sun and tIH, plancls, i{eat is transferred

t)etwet,n t hest, souI'c(,s and tilt' <'ryogenic storage

system I>) thl,rmlll radiation. Th<, hu'g(,st ('x-
1el'hal heal, llux t,ncount(,r(qt 1Iv a vehich+ within

our solar ssstent is thtlt, whMi originates t'l'Oln the

Nun. l{(,cnlise lhl, IJlalwtS art, gr(,llt ilistanct,s
fr(Tin th(, Sun, it is llssuml,(l that till, solar Ilux

at the l)hmt,ts is rl,pl'osl,ntl,d t)V (,ssentMly

17aralM waves of eh,ctronlagtu,tic radiation. T]lus,

for n mlit area that is 1)erl)endiculm' to a radius

v(,ctor 1't'otn tlt(, Sun, this 11ux (outside l)lanet

atl,l>spheI'<,s) is invlq'sl,ly l)rOl)orti(Tnal to the

S(lUllr(, l)[' the distance l'rol)l the Still ttn(l is giVCll 173

++ (,,)+?,.i =°+_-/'<''/'_ -<_+_ i,,(,, _ (t

(See al)pl'n(lix A for the lll,llnitio)l l)r all sylnllttls.

For this report it was assunle<l thal at Earlh
_s==-l.0, rs=2.283(;)/..109 l'(,(,t (0.6960X10 ++ m),

Is,e=4.90 X 1()n feet (1.4!))/ 10 u Ill), alld
T,s--10,3(10 ° R (5755 ° K). This resulted in l++

flux of 4:28 Btu I)cr hour tim' squar(, foot, whivh
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agreeswith the vahle ill ref(,ren('e 11. Nunlerous

olhi,r eslinlah,s or lhi_ flux have t)(,en published.

These estinnti(,s range fronl about 421) to 440

Btu/(hr) (sq ft).

The ]lea! flux that a vehMe r(,(',,ives frolv, a

planet results pnrtly I'ri)m phln(,tary radiation

and partly l'ronl r(,lh,('ted solar rlldilltion. This

pht.n/,tavy hi,lit flux is given t)y

where a is 1he Mbeih) of the phulet, alldj" is the

angle factor between the planet, 'lnd lhe hody of

inieresi. (.Angle fll('lors for n horizontill lind ",,(,l'-

lieal surfat.(, llt)ov(, a 1)hulel are ffivl,l_ in al)pendix

B.) Tht, coetti('ienl, = n('('ounts for the relative

position of the 1)odv with resp(,('t to the t)lilll(,l

(2 is 1 ill <<ilOOli" illli[ 0 ill "niidnight"). Phlnetarv

('Olisliinls tiro tlililllliled in lal)lo I. Tile i)liinelliry

hetlt [hix ilicrellses Its lhe (lisllinc(, trout n planel

([(,('r(,ilSeS and ('ltli lie o[ tile siiAlle order o1' Illll_'-

nitu(ie lls ill(, sollir flux. For exanil)h, , it hori-
zonllil sln'fll('e 11)t) slatuli, iniles llJ)ove the silnlil

)]li.l'th Ill llOOll wouhl tel'ely(, il ])lli;l(,till'y helil

_hlx of llpl)roxilulltely 234 [{Itl/(hr)(s( 1 fi) (using'

the Vll|UeS for (Is> ll.lld 7_, showll in till)h, J).

.kkilJlOliTh this l)ltlllt'till')" thlx J)l'('Ollll'S r(,lnlively

llll'ff(,_ ii ileV('l" ('X('('('(I. "i, [tie soinr [hix.

ASSUMPTIONS

As II sinll)lifi('alion , it, w-as ltSSllllli'd ill lillilI.V

exainph, s herein that, ii l.yi)i('al spll('e vetlMe is

ooniposed of coniponenls (i)ltSlolid, fuel, and

pei+htips tilt oxilllin() hi(ring (,qilllJ ('ir('u|lir ('ross-

sectionli[ ill'(,ll.S luid lUTiinge(] Oil iI COlillilOll llXi._.

For a plirticulllr Silt'I'll.('(,> il Wil..,4 llSSlilil('d lhlil lhe

Ill'eli receiving rlldhllion is ill(, Silllle Ils ih(, ilr(,it.

einitling ra(lililion.

l i ww_ it|so llSSlliii(,(l lhlll l hl, vehMe (_oliipOllenl._

lll'O ill II. ['OliSlliilt |('liil)_'rli.lllr(, illi(t lhIit slea(ly-

stilt(, (.oiMitions pr/,vllil.

Tilt, offt,viivt, l('llil)erllllll'(' of Sl)ll('e Jilts lit'i'll

llSSlllll/'{] e(lllit| |0 0 ° i_ excepl vchol'0 holed.

(killverling (.he (,stiniale of gahl(.ti(' heat flux ill

l'el'lq'eli('(, 12 1o lellii)(,rtltilre yil,hls lilt effec'tiv(,

spli('e t(,lni)erltliire of lll)olil 2() ° R ill ° K). Tile

stor:lge of liquid tly(h'ogen hi ii.ll) rt'asonllble

lank I'of spii('e ll])t)liclltiOliS involves Ileal. leaks

of such iinlgni|udes llliit, lhe ]lellling due to

glltli('li(' flux l)(,('(liil[,s insignificiult.

A1)sorl)iivith,s ali(I eniissivilh,s were liSStllile(I lit

lie l.ot.lil henlisi)heri(',il valu(,s. Although refer-

(,ll('(,s 13 lind 14 indi(!ale that, for engineering

t)urj)osl,s, (,niissivilv and nt)sorplivily elln tie

lissunled 1() 1)(, equn], this aSStllnpli(ni is g(,neraJl 3"
valid olliv Wil(,ll lilt, SOtll'l'e Of I'adiation liAl([ the

rt,/'eiver lll'O ILl the Sillile t.(,ni])erlltlire. The spe('iral

llt)s()rl)iivily of it Stll'i'il('e (';ill rill')" grellliy wilh the

wavelenglh of file in(.idei).I radiation. Solar

rii(lialioil (llolti (tii'eeli mid refh,ct, ed) is ('OllCell-

lri_ted prelh)nihiilntly in Ii region o[' shorl, wave-

length cOnll)are(1 witii radialion front t)otlh,s at, low

t,eini)erlit.ure (reJllliw, to the t elnperlllllr(, of the

_tlll). |h, nce, lhe sohn" lllisorptiviiy of a slii'[ll(,e

is gtqilq'lllJy IiOl i,(tllal to its enlissivity.

METHODS OF REI)IJ(qNG PIIOPlaLI, ANT HEAT ABSORPTION
I)UE TO ON-BOARI) SOITRCES

Spacing of components. The net rale (if heat

at),_orptiol_ [or a surt'a('.e y exposed to dir(,('l and

refh,('ted therinilJ r,idiation t'i'olll :in adja('enl stir-

I'll('(, .r (ill il Vil('lllllll euvironnienl) is given t)v

() =_,.i),,o<,T_
, l _ i -.f_,,,.1,,,( i -o+,) (l _,,7

• . . r_ 4

ae, l,.,/:/.Al--,_,)ogf] , 7. 4 (:_)" " , -- --0"_: /+ I --.l,. ,,.1,._ (,1-- %) (1 -- c_,,)

whl'l'e fs.u liil([ [',,,z are liw llng'ie ['ll('llirs (.f_., is [he
frllction of lhe totllJ ra(iilLlion that |ettves lhe first

stirf'il(.e a_ iiild llrl'iVeS Ill the se('on(t Slll'fll('e 1/)

t)elWOell liie l wo lilljit('elll ('OillpOll('ilL<-l, till(1 7'_ ltild

7'u tire ill(, ill)Sohlt(' [(,lllperlililr(_s of llie ('Olll-

poll(,lils. This eqlili(iOli llllows for aii hlfinite

nuluili,r of (litt'li_e reft(,(q.ions lielw(,en ('Oliil)onent.s.

The general niellio(t o[ ireilling fill,S(, l'(,th,ctions

is given hi lipp(,ndix ('.

Till' heal abstirbt'd bv ('Ollll)<)llOIll y (!till ])e

redue(,d by I'hlliigiilg l]ll' enlissivit,y nnd/or the

al)sorplivit.y of slirfitcl,s : illlll ft. Tile heM-

lrlllisfer rll l e l.]n'ougti surl'li('i, I/ ([or ]lirge values of

f:,:: lill(] .fu,,) (_itli lie (le('l'(,Iisl,d I)v redliOillg both %

lind e_. This i,fl'(,ct will bl, denionstrate(I in the

I{I_]SUI:I'S AND DIS(_USSlON. Also, (tie iiel.

helit-at)sorpiion riile i'illi lie re(bleed J)}" i'e(luchig

file llngle fliclors.]_,, und f,,,. ]{y llSSlllllill_ ilia(

ul)sorptivit.y llii([ enlissivily ill'(, e(lllll| illld eOllSt.l!.llt

and nolhlg that.[,._, and f,,, are e(tliil[ [or parai|e|
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l,qual-tlimtll,tercirruhlvdisks (arvailgedon _l<,om-

nlon lxisl, eqtlalion (3)|)l'ronles

•I -l=-j->(I- +,.)t]- +.)

<7_./'_(I-+.)+,,7"_ 7, _
+l.j.=(l_,+_)(.l-+,)--¢¢,,, (4)

The mlgh, ['lwtcw,/" l,etwet,n tilt, plwalh, l t,nd._ of the

<'imll)t:,nenis is Ii funt+tion of tilt' (listllil('l' belweell

<.oinptml,nts and their dialllelers. For It,'onstlnll

(lianwtl,r. the angle f+trtor belween a(ljac(,nt conl-

ponl,nls will al)prouvll Zel'();l.'+ lh<. distlul('t, l)t'twl'etl

t't,nipont'nts increases and will al)proacll I +is the

dist+lm'<' (h,rr,,ast,s. When th,' ('OIIl])Otl('lltS Ill'('

w,P])lirltl.l'd tiV _l ]ill'lift' ellOlltZl'l /li._tltllCt' Sl'l that lilt'

angle factor is t,._sentillllv zero, equation (4)

I)(+('()llll'N

+?
=-1- _+,,.'1'+.+ 7)

Ill, re l,he body I'tilll'lq'llPd 1OSt'S heat ill st)lice,
which liilS tleeli liS_Uliled 1o lie ill (t ° R.

ll'ht,li till, t'Olil[)Olll,lits lll'(' ('h)s(, t,llOllTh loTethl,r

ltlal lhe liligie rliclor is esst,iilitlllv eqilnl h) ],

e(inlitioll (4)t)t,('()lllOS

0 +,I":'_:- 7'++)
(6)

.1 ]el--1
I_, i_r

'l'llis is tile iiiliXililtliit rate of helil trilll:t'l,r t)t'lw('eli

ill,, two t+Olli[)Oll('iits. Herl >' it. is ll])i)lil't'lil lhlit

lile heltt-atisI)i+])lioil l'illt, iptlll Ill, I'l'dlll'i'<l I)v I'(,-

tlucittg eitht, r t)r both _. and t,. For this ritse the

tier rate o1' lit,lit itllsol'l)tioli Iiv Stll'fil(,(, W is tile sitllll!

lls tin, ill,l, rate of h(,iil einissioii t)_- Slli'flice a',

t)eeati.se lhe iillTh' I'iiclor eqntiis I (i.e.+ tit) ]lviil hiss

ill the e<lg'es).

Thtls, it itlil)elir.+.+ lhlit lhe ileal thlx rl'Olll <)ll-

t)<)iil'(I SOllr('(,s Cllll be decreased bv hici'elishl 7 i.he

dishince |)elwe<,ii conit)Olieills, lt<)weYer+ wtiell

I)l'til)elhllilS ill'P suhjectt,it to l'itdiittitllX I'l'olll t'X-

lt'l'ilil[ sottr('es it.'+ wt'll as t)n-l)olu',l ileal flux, in-

('reilSilig t,lle dislallee I)t, twet,n cOilll)OlleillS llliI.y

iiot t)e ilesiritbh,. This will Ill, <li.s<'usse<t liilt,r.

Reflective shields. -The ti('lil Iriilisfer b<,lXVl't'll

ItdjltCelll <'Olil])/)liellls ('till 1)e 71'elill.v i'l'(ltlCOd I)%,'

hl._el'thi 7 pai'ililel, lherliiillly isolated, refh,rtiv_;

shields lietweell rOlnl)Ollelits as short-It ill si-;.i'li'h

(it). The r0littitlll for the tier rail, of ill'Ill llil_<il'1) -

HeoI source +_ 7CfyogetHc lOnk

Re fleciive shields

ti,)ll by SIlrflll'(' t/ witli Olit' ri'llel'liv,' siih'ld placed

,lirectly tit, tw(+<,ii the cOlil[)Olieills i+ 7iven 1)y

appendix 1) il+

,J ,) 9- 14 } 2 r "4" '_ ':+d ¢(_;c<; f-7 .r To_,/_-e,tz.f 7 ,,) <_+,,I +a+l---.t-) 7 '_,
= " " .: .... -- {7)

.1 li--f-'(i-c+,)l--_<.)Jl_v(l+o<:f-'--.!"-')++.(i+a,,.t--t-)J II .f"(1 a,)(i--e+:)]

It is tiSSlllll(+(t ililit flu' refl(,('tivl, sllM<l Js thin ('iiOIl_ll ihlit lio t('lil[)t'ritlure grii(Ih'nt exists across the

+lli(,]d. ||ere itie illicit, flit'for/ is ('OlillllOll throughout I)(+('llllS<, the shie]<l has llie Silill(, ('ross-se('tiona|

ill'I'll its tilt' ('Ollll)Oli('Ilts illl(I iS ('(luillly Sl)il('l;tl betwt,en theill. Tile ii(,t rtite or ill'ill ilt)soriHit)n ])y SIll']'ll('l+

.q Clill tit' de('relise<l I)y (h,ci'ell._h}_ au and +: lilld b.v de('reiishig tile lili_l(, ra<,lOi.L[+ The liiiTie ra<,lor ('lilt be

dl,t,rt,li+t,d bv ill(,rlrlishl_ tilt' diStltD.et' I)etwet'n the t'Oliil)Ol/Iqll+ and tilt, siliehl. A_liill, wh/'ll tilt' sl)llchi_

i_ stl(']l tilttl .f is t'sst'ntiall.y zero, ecitiittiolt (5) t'eSllit._. 1,Vtlen tile relh'<'tive shields helve'cell the ('Oli!po-

nelli+ lire so rios(+ly st)ti(+e,l that the liiiTlt, ]'li('lor is (,ssenlilllly (,(tuli] io 1, ill(, iiol riilo of heal al)sorl)lion

t)v ._lii'l'il('e 1/ ix _iven bv i,qlltiliOli (1)3) or

[(°)(+)]'+',,,,,,? +_" 7 ,, _+, 7,-s,.7.
.i t" a + '_+.'

,-!(,+);i+>jy <+
°+'L '-(7),,(:),J

The O(llliitiOliS for itlt, liol rlite of Ill,ill li/)sorl)tiOli by surface t#" with 7, 3 ..... .V shit,hls I)elw<'eli coin-

I.)Ollents tire _ivt, ii hi lippen,iix l). hi geilerii|, the |ieat-llbsorl)lion i'lites <'all l;,(' decrelised |)y ili<'reliSili_

the iiuinl)l,r of shiehls. Herehiltfter, lilt' witMy sl)nced shhqds will t)e rtq'l,rred io ilS shlldow shMds, tirl(|

lh0 closel.v spilcetl _iiiehls (f= 1) will be referred to il_ t'oil._.

Ill'licit ((/::6)_(l_:a)z= ], [li e([llilliOli (8), tim t('l'lii 71--[(a/'+)_./=_/<+),1'+' ;,'11-(_/+),,t_/++),l shouhl I)t,
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l'Of(H'('l|('(' 1 (}, th(, sohil' absorptivity mtd (,missivit v

may change sigrtiticarttly aft(,(" exposure to ascent

heating, Van Allen radiation, sputtering, mete-

or<,i<l erosion, tilt, ultraviolet colnt)onen! of solar

rndiation, and i)relatm<dt oxidation al_<l corrosion.

Emissivity values may range front 0.02 It)

lLI)Ollt 0+9, and solar M)sorptivily to emissivity

ratios may r+mg(, froth a|)out 0.2 to 21 (refs. 15

Io 17). For most Sl>a('c missious th(,re v<ouhl

und(,ul)ledly be an Ol)timmn coaling or material

to use for each particular st,rt'a('e of a vehich,.

To indicate su<'ll oi)tin_ums is beyond the scope

of this report. Tit(, amdvti('al relations in('hl(h,d

in this rel)ort have in most cases included solar

al)sorl)tivity as tt l)arnln(,t(,r.

Jtt view of tit(' fact that long-duration eXl)OSure

of surfaces to tit(, space environment may alter
surfa('e solar absorptivity nnd emissivity (ref. 16),

const,rvativc assumptions for surfa<'c ])rOl)erlies
have been assumed herein. To stlgges( a< (his

time using extrenwly low "vahws for as or + for

long space missions wotdd involve consider+d>le

risk of (']mttge in these stwl'a('e properties dtu'ing
the mission.

Reflective shields. -()nt, meth<)d of ('i'd(wing

the heat transfer inlo an eXl)OSe<t cryogenic-lank

surface is to phtce shadow shM(Is 1)('tween the
cr.vogeni(' surl'a<'e and tit(, exlernnl [teat som'('e

_ts s/lown in ske<ch (<'). When _he incoming
waves of eh,c.iromagneti<_ ra(lialion arc incident.

only on the outer sm'l'a<'[, of th[, Oll[(,l'itlosl shi[,h],

tile ('Xpl't'SSiOtt for tit(, tl('t rate of heat a|)sorl)tion

t)y surface y with one shadov< shMd I)la('ed l)e-

tw('('lt it nn(| the extermd ftHx )" is given 1)y

:t 11-/+-'(,i-,,;>(,-,+)i(+ +++/-+;)_(I _,,>+

o_,,_:,,++t"7',+

,ll-F(I _,,)(t-,+_)t(_o+++)-+J+'_1-,_,,),++

++"Y(_-'_'+'// ..... _ '2)+,, - , --o-e, ] . (1+11--./+t1--%tC.1 ++ll

where o+_.)"is the fraction of incident solar and/or

phmetary ra<liation absorbed t)y the surface

exl)osed to flux )', +,, is the emissivity (al)sorptivity)
of all other shMd sm'l'a('es, and % and % are tit(,

al>sorplivity and ctnissivity, resl)ectiw,ly , of the

 llll ----
.-,1.-

Shadow

shields

(('I

tank surl'ac(, y. The nngh, factor .f is common
throt@mtH I)('c+tlls(, tit(, cross-se('tionaI areas Of tit('

cryogenic-t,ank surface and Ill(, sh+ulow shield

were assum(,(t to I)e e<ltm]. (The e(ttmtion for

tme(ttml cross-sectional areas can I)e developed

with the techniques 1)resented in appt'n(lixes (,

and D.) Again, when tit(, angle fa<'tor at>l)roaches

zero, equation (5) results. It is also apparent

J'J+'Ollt('qll.qtiolt (12) t]ta[ the +)['! ]teat-al>sorpliol_
rat(> of stlrf+t(!(' ,q (',tttt ho redu('(,(l b v (|('('reasing as

and/or increasing +,. The equations for 2, 3,

.... A r shadow shMds are I)resented in al)l)en(lix

]). In getwral, lit(, heat-al)sorl)tion rate can l)e

decreased by increasing the ntmll)('r o/+ sha(low
shMds. If it had been assmn(,d that, lit(, shadow

shMds had :t tltfite th<'rm+d ,+'on<ltwtivit v hm,r.tdly,

a. t('ml)eralure gradient would have existed in lhe
]atern] div(,('tion. It is con<'eival>h, llmt this

l(,ml)eraltm' grmlit,nl could he itnportanL if a

more (,xncl, cah'tdatiou of shield tcnll)('rattwe is

r(,qtdre<l. +',malyti('al te('hni<ltU,s for <h,t(,rntining
this l(_Itll)('rtttttl'(, _t'adi(,nt arc shown ill ]'('f('r('tH'(,

The heat-nl)sorl)tion rate of a cr3+ogt,nic-tank

Silt'fill:(' O.XpOSl'(| |0 +lit ['.'{ll'rtl+l] (]iI.X ('+ill ,_l]SO 1)('

reduced hy al>l)lyin g foils as show. in s],:et<'h ((I).

C,r yoqemc lonk

• Foils

tilt+It:y _ Y

This case is the same as tit(, shadov<-shMd case

|'el)resettled I)v equation (112), except thai, with

foils, the angle factor l)etwt,en adjacent sm'fac(,s
has n "<altm of 1,

The rehttion for the )tt, t h('at-at)sorl)tion rate of

surface y with N foils prol(,('ting it C,ltlt [)0 deriv(,d

from e<tua(iotl. (12) and is given I)v e<lualion
(I)8) or



I'ttER,'k[AL-PIIOTECTION ,'4Y,"4'I'EMS FOIl SPACE-VEHI(!LE ('IIY()(;EN1C-PItOPELLANT TANKS ;_

rel)laced by IN-+ 1). Then, if a_--ex and % e,,

e(Itlalioli IS) [:,('(,Oln('s

.i (%1 --1")(N'-_-I) (9"

From tills equation it is apl)aren! that the heat-

ll'ltllSf('l" rate call })e I'edll('ed [)v increasing the

number of foils or decreasing the emissivity of the

compotu,nts. Thus, the heat-absorption rate of a

surfnce y can be reduced considerably by placing
shadow shields or foils between it and the ad-

jacent component.
Insulation.-Another means of reducing the

heat, transfer between components is to use
insulation in this areal. The best awfilable

t)Ul'ely insulalive materials have such a high

thermal conductivity lhat they arc tmattractive

on a weight hasis compared with multiple reflectiw,

surface malevials for the protection of cryogenic

prol)ellanl lanks in the enviromnent of space. It
was shown in reference 8 that the thermal conduc-

tivity of insulation materials wouhl haw, to t)e

lowez" by al)out two orders of magnitude (front a

current low value of al)ou( 0.001 (Btu)(im)/

(hz')(sq ft)(°F)) with no incx'ease in density before

insulalions couhl compete with reIh'<'tive surfaces

for use in hmg-duration thermal protection of cryo-

genic t_mks in space. It is recognized, tmwever,

that insulation may be vsed extensively both for

protection against ae)'odynamic heal in K and fo,'

protection of nom'ryogenic.-lWopelhmt lllIlkS ill

Sptl('O.

ME'FHOI),'_ OF REDUCING PROPELLANT HEAT ABSORPTION

m_t: TO EXTERN*L HEAT SOVm'_:S

The techniques of reducing propellant heal

nbsorption due Io inlez'nal heat sources were

restricted Io those em'ountered in nor,hal ground
ins[allatim_s. V(hen the propellant hmk is its-

sumetl to I)t, in space, the extermll radialitm
ez_vironln('nI :rod ('oncomitnnt _m, ihods of reduc-

ing l)rt)pelhml heat absorptiozl differ in some

r(,specls ['l'Om those previously discussed. The

methods that will he discussed are (1) using

coatings havinlz a low absorptivity for the incident

radiation, (2) using reltective surfaces, and (3)

varying the orientation of the propelhml tank

with respect to the incident radiation.

Coatings. -lf it is assumed, ,,s sho_ll in sketch
(I)), thal flux }" is im'ident upon am eh, zuent of

6:',1545 6 ° 2

Y

+:o,:
,'9

(b)

surface area A having an a|)sorl)tivity a, a sob).r

absorptivity a_, an emissivity _, and "l temper-

ature T, l]wn the he( rate of hem transfer tlu'ough

tit(' surface is, in general,

..1 ,, vl)'--aeT'_ (10)

For the special case where }" is diz'ecl solar tlux

or planetary th,x (due 1o alt)edo and planet tem-

perature), equation (I0) beco)nes

(-(_'),,-=a,Y-- aeT' (11)

In ge)).eral, if )'is from a t)ody al a l('llt[)('l'lll/lI'('

less than the melting l)oint of common metals,

i]l('II a --(. 1[ ): is fl'OII[ the Skill, O:'u#(, and axle

may l)e less than or greater than tmitv dcl)en(ling

on the composition of surface .I. For probh, ms

involving storage of propclhmts near the Earth,

)'.,,,_ is about 42S Bll[/([lr)(s( t ft). In order to
,ni)dmize ((2/,1),,, a material or coating tmving

low as amt high e shouhl t)e use(l. Fox" silica

oxide on magnesium, rel'erelwe 15 gives a,s--().21

and _0.83. Ther(,fore, in or(h,r for the 7 '_

term to be significanl (say 1 perc('zlt as large as

l]ie }" |(Will), T Ill/IS| [)(' gl'(*llt(w than about 160 ° R

(S9 ° K). Thus, coatings for |)are cryogeuic

lallkS shouhl have mainly low values of a,s, ]Jilt

coatings for higher t(,ml)eralure surfaces (e.g., the
o,,llerniost, surf tic(' of insulalions) should have

not only a h)w value of a.s lint also a high wdue of _.

It has t)een shown previously that the rate of

heat absorption by a surracc in space subjected
to sohn" flux is strongly (h,l)endent Ill)Oil 1]1(, values

of solar at)sorplivity and emissivity peculiar

to the surface. Some control of these l)roperties

is possible through the use of c()aliIlgs (paints,

oxides, metals, etc.), tlowever, as shown in
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Or,,; [( _ "\ "LV;: 7).(;)J ':-o',,":,

" °"l J '"L.,.,,.o.,.

(l:_)

When (,U4,(4o4.= 1, ,:het,,,'m ' t--{(,_/h,.,(U_')X"7/
[l--(oCd_(Ua)._] should tu' ret)bwed by N. Then,

1)3" itssuming that o_,=_,_ and a._-_,, equation
(1;_) becomes

0 <0"- o-,,,l'_'
04)

which is identicld to i_ reluiion 1)resented (but not

derived) in rel'erenee 5. Thus, the nel ra.le of heal

absm pilau of incident nldiatiott )" by l_ cryogenie-

hmk surface 1/ can be reduced t_y incrensin_z the

nunll)er of foils, decreasing the emissivities of llw

in]wr foils (e,, <6, decrtmsing the sobtr nl)sorl)-

livity of the exposed oulersurface (as), n,nd/o]' in-

cre_tsing the emissiviiy of/1,' outer sm't'act' (<,).

Allpendix D gives equations llmt in'edict: lhe
rate of bent transfer when co|nl)inalions of the

preceding sliielding devices _lre lllilized.

Orientation.--For lt.ny body in space, t lw

illllOlllll or hi,Ill nt)sorl),,d from solnl' flux or plan,,-

tary flux depends on the llreu exposed to these
rndhtnl heat sources. The amount o1' solar henl

al)sorln'd cat, be minintized 1)v mhiimizi,lg tilt,

projected area exposed (o the SuIL. Thus, for

the vehieh,s shown in figure 1, tile illcident solnr

flux will be Inininnized by alining the h)nt.eiiudinal

axis o1' the stuge wilh lhe position veclor of lhe

stake relnlive Io file Still. At 1}1o Pxtr,,lllelv _r,,_lt

dislnnces t'rolll the Sun of concern here, lhe sohu'

tlux is nenrly imrnlh, l. Thus, the sides of lilt,
vehide essentially will uol "see" lhe Sun. For

spuce-vehieh, olwralion hi the vicinity of either

lhe <<'4unor n planet, lhe al)parent flux is not

p_lr, llel. Therefore, while vehide orientnlioll clin

nlinituize tilt, projected nrea, it eannol conq)leiely

elimimlte the heati.ng etrect o1' this tlux.

RESULTS AND DISCUSSION

Two space vehivh,s of eux'renl interest, lhnl use

cryogenic 1)l'opellaldS ,1'e (I) the high-specific-

impulse chenlicid rocket (with liquid hydrogel,

;is Ill,, I'uel nml liquid oxygen or liquid fluorine :Is

an oxidizer), and (2) lhe nu,'lelu' rocket (with

liquid hydrogell Its l he fuel). ,<'4chenilttic diagrnnm

of these vehi(qes are shown in figul'e 1. E_wh

Payload Oxidant Fuel Engine

(a)

Payload Fuel Nuclear Reactor

shield

(b)

(a) 'l'ypic;d cltemieal-roekel stage.

(b) Typiv.d retch,at-rocket stagy.

t:l_:l'lIF: 1.- Sctienmtic Ithigrains of roekl,t sl:tgl,:-,.

vehieh, has i, l),t3-loli¢l, li, t)ropelhmt, (or propel-

]iinls), and i,li engine, li was llSSllnled l, ha, l, l.tl,,

ci'oss-seclional ill'ellS Of file coniponenls %Vel'e

circll|tl, r Itlld that, llie l)ropella, nt, t,itllks wore

cylindricnl. It wns also assumed that, /,he pay-

load temperature wns 520 ° R (290 ° K) and that

lhe prol)ellan Is, hydrogen nnd oxygen, for eXaml)le,

were slightly sulwooled, hliving consl.iilit, t.elu-

lleral.lir(,s OJ" 30 ° llll(] 141) ° 1{ (17 ° tllid 7,R ° |(),

respectively, lAquid oxygen wl,s seh,c,t,ed its l.he

chenlivnl-roelcet oxidnnl_ :nlerely for purposes of
diseussioil. Fhloriiw could nlso tiltve ])een used,

lls its st oi'nge lenll)erillure l,nd vaporiziitioli
chiu'act.erislics nre similar to those, O[ oxygeu.

Wilb ill,' basiu COlli[)OilelllS of lJtpSe IWO vellieh,s

defined, ii is liOW possibh, 1,0 ,'Xlllnhl,* i.he vliriolis

lherniill-t)roieclion techniques suggesled in lhe

ANAI,YSI,% ']'}iese 1,}leri na I-pro i ect,ioli lo('}l-

niques Ill',! liOl liiniled Io lhe vehicles chosen, lnil

ai'o applicld)h, for ally sl)l,cl, slOl'll_e s vslelii,
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["ll; ['RE 2.

.O01 .01

Spacing toho between componeqls, Z/o'

Net heal-absorption

rale of 02 due
to payload ---

Net heat - absorptlon -

rate of H2 due lo

payload

Net heat-absorption rate

of H2 due 1o 02 -_:

i t i. * _-

I I

Effect of :H'rangemen! and spacing o] vehit.h, VOml)Om,tHs on propelhtTH h(,:tt-:d>sorption rab,

I0

o_ _0.1).

THERMAL IPR()TECTION AGAINST ON-BOARi) HEATING

Arrangement and spacing of vehicle com-
ponents. -The basic al'ral_g(,l)Wl_t, and spa('iI_g of

the various ('omponents of any v(,hi('le utilizing

i'ryogcnic propelhmts can have profound etl'e('ts

upon the thel'mal-prt)te('tion I)robhqll. llt figure '>

lit('l)rop('lhuHht'_ttil_F rate isplotted against the

sparing ratio l)elw(,envarious ('olnpolwnls for a

eonshml value of a])sorptivily and emissivily

(o_ _0.I)F For this figure it was assumedthal

lh(q'(' WllS }ltqlJ [i.llllSrl,l. OIIIV })('t,_,V(qql ('OlltpOIl('lllS

(i.e., there was lu_ h(ml tnutsh,r through t h(, sides

of tile (,ryogenh' ('onlaim,r,.) Thl' eiferliv(,ness

of spacing in I't,du('ing hml! trallsfer ])(,lween ('om-

])OIIt'IIIS ilwlu(h,s the ext(,l'mtl eft'eel lllal the IIHlt(

vnlls are allowed h) radiale to spare. N(,galive

he:tl-al)sort)tiol_ rates indicated h(,r(, and on olh(,r

figures in this |'('liar|signify a Iit, t loss from _t

1)llrli('ullu" suI'far('. It, is t,vi(h, nt that the heating

rates wu'y wi(h, ly, dt, pemlin_ on ill(' leml)eralure

of ill(, adja('(qH ('Oral)anent. For example, lh(,

h(,at-absorptioll rat|, of hydrogen when l)lat'ed
nex! to a ,520° I{ payhmd is 160 Blu/((lay)(sq

I Ahsorptivities and etnissivitirs (if tile ordeF nl 0.1 are typic:d of oxidized

;IIllnli/IUlll, polishrd staillleSs sh'pl, ;Hid SlllOtllh alll)oli:_hi,_J Illt)ltPl (I't'_'S, 14

and 19).

fl), and wh('n pla('ed nexl h) an oxygen tank is

0.S3 l{tu/'Iday)(s q fl) (aSSUllling //W'=0.0001).

A._sUl_inK//d=().0001 betw('eit all ('omt)OlX_Ids and

thai tim ('oInl)onents are arranged in desc(,l_ding

order of teInl)el'atur(' (hip sk(,l(41 in fig. 2), th(' lu't

llydroF(,n hval-al)sorl)tiou rat(,is 0.83 Btu/(tlay)

(sq ft) (radiation from hydl'Ogel_ lo Sl)aCe is nwg-
ligil)h, ('ompal'e(I with 0Y,3 l_,tu/(day)(sq f|) front

oxygen). Tht, net oxygen h(,at-absorptiol_ rate

for this ('mlfiglU'tltion (160 Blu/(day)(sq ft,)) is a

l't'S/IJl I)t' heuli_lg o. the payJoml elUl (160 Btu/

(_ay)(sq I'll) at.l ('ooli._g (,n the hyth'og(,lt t,ml

(0.S3 Btu,"(:hkv)(sq fill. l{y il_lerehnnging lhp

prop(,lhulltanks (lower sk(,tchin fig.2), the hv-

drog(m ]x,at-al_sol'ption rat(, is 161) 13tu/((ht.y)(s( 1
fl), and tileoxygen (_ooling rale is 0._:{ Blu/(day)

(st] fl). Tlte o])timum alTallgPlll('llt of cam-

])om,nts (l(,pentls hal only on the magnitude of
lhese I'nl('s bul also on lh(, a])solule size and shap(,

of l]le prop(4huH, lmlks, lh(, fluid ('onfigtH'atioii

within the hmks, and lh(, (,ffv(.tivt, iit,ss of ()ltlvr

l)l'()lt,ctiou devi('(,s i_t vt,du(_it_g on-board flux.

Anot ht,r p()il)t, tlla( should lit, emphasiz(,d here is

that tim oplbllUm arrangemt,I)L of ('O)llI)onents

will also dell(rod upon |he iHission protile (i.e.,
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the ext(,rnM heat sotu'(,es and their t(,ml)<)ral

vaz'iation will Imw, some bearing (m lh(' m'range-

_tt(mt of (:ol_t)otl('_Hs.)

It is also al)l)arenl from figure :2 ttmt th(, h(,_d-

absort)tion rates ('an t)e d(,('r(,as(,(t (,onsi(h,rM)lv t)y

im,reasing the st)a('ing ralio. For (,x_mq)h,, lhe

heal-abst)rl)lion ral(, of hydrogen (lut, to ]w,1

tr_msl'er from lh(, l)ayload can t)e re(iu(.(,d from 160

to 0.1 Btu/((l_ly)(sq J't) merely I)3 it,.v(,asiug

lid from ().()001 to 8.6. ln(.r(,ased Sl_l(.i1_g r_ltios
have the adverse effect o1' im'reasing Ill(, slru('turlfl

weight.

Shadow shielding. Figure 3 (]cmouslratt,: how
shadow shields may b(, (ls(,d to r(,(hu'(, (m-bom'd

held tlux. In tigure 3(at lhe ht, llt-M)sorption

rate of hy(lrog(,n when t)hu:e(l lMj'l('('nI to _l

520 ° R sour('e of heal is 1)lotted llgMnst Ill(, uum-
t)er of shmlow shM(Is I)t'tW('ell 1t1(, lames. Sever,_l

values of st)aeillg ratio I)(,!we(,n mljtu_(,nt surfi_(,(,s

_w(' shown. Emissivity _m(I lfl)sorl)livity art, as-

sum(,d (,qu_tl io 0.1. For thi: ligur(, al_d for s(,v(,r_l]

otht,rs throughout this ]'(,port, ('m'v(,s _tr(, shown

.O000011

\

Heal - I

absorption!

rote

-- Positive

Negative

r Foils (f =l)-
i

!

Spacing
roi'io,

1/d

)-'

to Ioo IOOO

Number of shadow shields or foils

(at Effect of Iltlll|})(,l" :_llCt S[)'t('illg of shadow shields

(,_=.=¢ 0.1).

('v(,u though data ave vMid only I'ol" integer wdu(,s

of reflective surl'a('(,s. From the figur(, it is ap-

l)arem that shadow shields m'e (.:q)M>lt, of r(,duei_)g
the heat transfer between tanks ('onsi(lerM)ly.

For lucy given numl)(,r of sh_t(Iow shields, the h(,l_t-

absorption rat(, de('r(,as(,s wilh increasing Sl)._('ing
valio I/d. With t,xtromely smMl I/d, the _mglv

l'a(,tor between adja('(ml shields al)t)ro't(4u,s 1.
Thus, the shadow shi('hl and foil equations should

be (,Xl)('(q('d to yi(,ld n(,_trlv tlw sam(_ wdu(,.

l_'igm'(, 3(at shows this etl'(,('t for small mtmb,,rs of
shields. For M1 wdues of L:d, if a btrge enough

mlmt)er of shadow shields is used, the hy(lvogen

h(,al-absorl)liot_ t'_t(, (,v(,ntmdly })(,(,omt,s ne_Za-

tire b(,('_u_se ot' ]'_Mialion to sit,u,(, from lh(, shi(,ht

_md t_ufl{ surfa('os. For (,xam])h,, if the lid I)e-

lw(,(m _(|j_wen( surfiu'(,s is 0.01, Ill(, hydvog(m

}mat-al)sort)lio_) rnt(, is m,galivo for 14 or mo]'(,

sh:|dow shields Sl)a(wd t)(,twet,H th(, 520 ° 1{ heat

sout'(_(, _t_(t the 30 ° R hydrogen. Also, if lhe l/d

is 1, th(, het_l-ttbsorption rat(, is r_cgtttiv(' (,v(,u f<tr

two shi(+l(ls bt,twt+<'u the <'oral)am,his.

Iu figure 3(b), tit(, ])rOl)(,llunt ]mat-absorption

r:_t(, is l)l()tl(,(1 _lguinst tilt' number of sh_Mow

IOOO

.0001
I I0 IO0 I000

Number of shadow shields or foils

(b) Eff_,et of numb(,r and emi_.,qivily of _lm(low Mfiel(l.s

(L'd 0.1).

l:ir;uRr: 3. Shadow shields for r(,(|ucing o)_-I)o:trd h(,:tli_)g ('ffe('t.s.
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Number of shadow shields

(e) ]']tfert of number of shadow shields and variation of

emissivity from front (l/d O.l ; (_t_ _; c_v - _.).

FII;URE :{.- (Yoncluded. Shadow shields for ru(lu('ing

on-bo.trd ]mating effects.

shMds for a range of emissiviti(,s using a constant
value of spacing ratio 1i'd of {I.1. De('re_sed

hcat-M_sorl)tion rltles ll.re obtmned by decre_lsing
th(, emissivity or im'nmsin_ the mmH)(,r of shadow

shMds, or both.

i,'igun, a(v) is included to show the vtt'e('l of
both the mmHwr of stmdow shiehts nnd the varia-

lion of shMd emissivities from front to tmek sur-

faces on the hydrogen ht, at-al)sorplion rate. In
each (rose, the spacing ratio t)(,tween reflective

surfaces was assumed to be 0.1. Emissivity _md
absorptivity on a part i('uhtr surGu'e were assumed

lo lm equal (see ANALYSIS). The figure indi-

cates that de('reases in emissivity on any sm'fa(:e

will result in lower heat-M>sorption rates. The

lowest al>s(u'l)lion rales nre obtained t)v using the

low(,st wdue of absorptivity mill emissivity on all

SlII'fIIC('S. For l_gl|l'(' 2_((,) it, alllll,nrs l|llt[ d('('r{,_ls-

ing the vMu(, <)1' en is more elt'e('tiv(, in r(,du('ing

lhe hydrog(m heat-at)sorption rnh, than (hwreas-

ing lhe value of _.. ])ata from rel'eren(.(,s 14 'm(I

19 indirate that lhe (,mis_ivity of nluminum ('an

cons(,rwHively be lak(,n as 0.1. ()l)limisti(.ally,

(,missivily wdues as low ns 0.01 may t)e found for

certMn silver or Muminum mH't'a(,es.

Foils.--By laminating alterm_t(, ln y(,rs of Mural-

hum foil and gh_ss-fiber l)_q)('r (ns (h's('rilled in

ref. 20), heal -1 ransl'er rlmrn(.l erisl ivs +m, at I hired)h,

that _q)l)roxinuth, those <11"foils, l,uIni,mt(,d nss(,m-

bli(,s of this typ(, weigh (rely about <).01 I)<)tnnd per

square foot per foil and ('<retain about ;'50 foils

l)(,r in('h (1t' thi('kn(,ss. Figure 4 shows the effe('l,

of the mtmt)(,r of roils o, lhe hydrogen heat-

absorption ]'ale (lu(, to heat transfer bet w(,<,n hy(h'o-
gen, oxygen, and a I)ayhmd. Enlissivity h,v(,ls <)f

1.0, 0.1, and 0.01 are shown (the 0.1 vnlu(, yielding

heat-a|)sorption rifles eons(,rwtliw,ly npt)roximal-

ink" (:ommer('iM foils, r(,fs. 20 1<1 22). It was

I0,000

.OOl
520

520

140.ooo,I---771+11+1
I I0 Ioo tooo

Number of foils

l,'munE 4.--Effect of nun'H_er and ('missi\ity of foils in

r(,(lu(dng on-board lwating.
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assumed that enfissivity nnd absorptivity are

equal. Increasing tilt, nmnber of foils and decreas-

ing the ['oil emissivity both decrease the rah, of

heat absorption. [i is apparent from the figure

that the heat-ld)sorl)fion tale due it> l>lacin_ hydro-

gen adjacent to a ;520 ° R heat source is niuch larger

ihatt [hc hydrogetl }wut-lll)socption rate due it)

hydrogtm and oxygen iattl<,s being adjacent. For

exaniph,, if a=_--f).l, amt if 100 roils m'e used for

prolec(ion, the hydrogen henl-nbsorptitm rnle due

to a 520 ° R payload is nbout 1.6 Btu/'(day')(sq 1'I),
while the hydrogen heat-nbsorplion rate due to a

140 ° R oxygen tank is only aboul O.OOS2 Btu/(day)

(sq ft).
Comparison of methods.---The choice o[' a par-

ticular method of achieving at'Cel>table boilofr

h>sses tit](, It> on-board heat flux between compo-

nents is usually ninth, on the basis of' weight.

Several elements of this weight In'<fl)lem are the

weight o[' the protectiotl device, the slrut'tura]

weight penalty necessary It)employ the l>rOiectiol_

device, an d the iDle_i'at ed weigh t of tbe propell_lJll
t>oiloff for the comph, te mission. The weight of

individual shadow shields should be roughly the

same as the wei_hl of individual roils; however,

additional structural-supl)ori weight will be re-

quired io span the gap belween shudow shiehls.

Struclurltl weights for lltese appliclllions ltl'e

grenlly del)elidenl Oll }toih lhe lil)sohlle weighl of

the sli'tlcllll'e lind lhe liccelerltlioli loads 1o which

the struclut'e will tit, subjecicd. '['iie weight of

these structui'es el(it "+'lit',, frolii light itlth(iabh,

sli'liCliires lo the heavy sli'li<.lllres [ouiid })elweeli

]<)wer slao'es t)f lnllilishtTe veliiclcs. Tiius, lile

slru('lurlii weiglit prob|ein inusl Itistl t)e defined

for each I)lti'ticulilr Itpp|iclilion berore li final ol)li-

lliizltlioli or lht, therllllil-prolt,(.tion s vslt, ill ciln

tit" lllltde.

The hydl'Ogeli heal-ltt)soi'[)lioll i'Itlt, iS philted

ltgltinsl the Sl)lwing ratio belweeli h vdrol_t,n Itnd

lilt iidjlt('elll ,52() ° R COlllpOilOlii in _igtll'(' 5. For

spat'trig ratios _l'oitlel' lhnn ltboul 0.1, the henl-

ilt>sorl)tion riile decrcitses rill)idly with inci'ens-
in7 //d. ttorizoiitil| dashed lilies lil'e ilicl_ided hi

t/l(, figure It) I'at'ilili(lt, It t!t)lililltl"isoil })(,lw(,eti 7)l|)s

and foils for ibis ililercoillpoliolil i)rDleclh>n. If

it is liSSllliled lblti foil delisilh,s of 40 per hicli ill'i,

ltvllilltt)ie, titen 100 roils would occupy only Itl)olil

7.5 iitclles o[ thickness. This nlimber o[ foils

would sttpl)ly i]ie SI/lill, protection its cOlil])OllOlllS

with 11o foils bill Selilil'aled tiy Ii oil l) o[ llbotil

g

g

£

g
i

g
g

"o

IO0

FI(I i lt, E 5,"

Gap

l 1[[11

-- IIIII

.0t ,I I

Spacing ratio between componenls, lid

Con ll)arisoli of gaps alid foils for hiH,rcolnponolit

I hprlnll| |)rol pt!l ioii (c__- +_ 0.1 ).

2.3 diliineiers. With intercoinponetit, st/'uctural

weights riilher substantial conlpared wilii foil
weig|lls of 7' pounds per cubic foot, lhe liSl_ of foils
woiiid lhus provide a lightweight , conipacl pro-

Iecl ion schonle for It iieltl-iittsoi'plion rlilt, of about

1.6 BI tl./(day) (3( t ft).

THERMAL PROTFCTIONAGAINSTS()LAI! HEATIN(3

With lined values of solar absorpt,ivity and

(,Inissivily or siii.fiict,s ext:lose(I 1o solar thix, there
rennlin sevol'a| nlel.iiods for redti('ing the healing

(,[t'e('i o1' soliir flux. '['itcs(' inchlde using shadow

shields, foils, lilld vehi('h, orienlaiion witti respect
I(> the sohlr/hix.

Shadow shields, -:Tilt' ,'m't't t,r tile nunlimr and

SFlll<'illg of shadow shields on tile }ieltl-absorplion

rill.t, of ]ly(lFogtql lille It) SOllll' JIIIX tit i he ElH'lh's
(lisillll('(, [rOlil l lie Sllli is shown in figure 6. Eniis-

siviiy illid lllisorpiivity Vttq't' aSSllllled equal lo 0.1.
It was lliSO IlSSilllled thll_t the shll.dow siiields were

alined l]Ol'llial tO the solitr rli.dialioil. The, figure

shows liuil the heat-al)sorption rates can 1)e
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l':ff(,vl ()f)mmh(,r of foils and mt)tfl)(,r "md

:.,pacing of ,,-h:t(|(.)w shi(,[ds on hydro_('n hea|-a'bsorp(h)n

l':li(' (Itt(' to sobtr flttx. (.,rrS o" ,_ 0.1),

(h,('r(,ased l)y irt('reasing (he nur)ib(,r of shadow

shi(,hls or l)y in('r(,asing t h(, spacing ratio b(,lw(,(,n

shit'h|s. _ For im extri,nidv small spacing ratio

between shields (<0.(1001), the shadow-shield

an(l foil (heories pr(,di('t al)oul (h(, stone absorl)tion
vat(, as for 10 foils o)' less. This figur(, also shows

that, for a giv(,n Sl)a('ing ratio 1)(,tw(,en shi(,lds,

(h(,re is a nu)nl)er of shi(,hls beyond whi('h tlm

negative h(,al-al)sorl)lion rat(, is essenlialls con-

slant, lly(h'og(,n heal-absorplion rateswilh (,ntis-

sivities aud absorptivilies from 0.01 to 1 are

plotted in figur(, 7 against the numl)et' of shadow

shi(,hls for a tixe(I spa('ing ralio t)etween shi(,hls.
Either de('rt,asing the shadow-shi(,ht emissivity or

in('reasing th(, numt)(,r of shadow shichls (te('r(,ascs

lit(, heat-absorplion rat(,. It is inter(,sting (o

noi(, that the al)sorl)tion rah,s for a parti(mlar I/d

-' Tile silnilo.rity hvl'*_,l'ell figs. 3(1Q (shadow shields hetween components)

atv.t (i lsl'm.dow sitit'tds facinlz gun) is due it() the similar|ty of the heat4ransfer

models, Fig. 3t a) would reSlli_, RIF ;1_system of sll:_,tlt:,;'," shichls facing tile

Sill) if t'He tt'lllll(q'3ttlre of {}if' SIlIt sll]tqd v,(,re 5L.riP 1{.

van b(, (h,('reas(_(l l)y (m(, lo tln'(,(, ord(,rs of magni-

tude by (h,cr(,asing the emissivily one order of

magnitude. For ('Xaml)h', lhe al)sorl)tion rat(,

using four shields wilh a- _= 1 is al)l)roximah'ly
540 Btu/(day)(sq ft), but lit(, al)sorl)tion rat(, for
four shi(,hls with a=_=0.1 is or)lv about, 0.1

Btu/((lay) (sq fl ).

A possible shadow-shieid strll('ltlr(, Wolll([ ('oll-

sist of rings SUl)por(ing th(, (,dg(,s of (,a('h shadow

shiehl. Longitudinal m(,ml)(,rs l)(,tw(,en ('oJ)il)O-

nents would support tht,s(, rings and act as load-

carrying members.

Foils. -The effectiveness of using foils for pro-
l(wtion against solar h(,atitlg is shown it] figur(, 8.

Th(, heat-absorption rat(, for a hydrog(m-tank en(I

surf a('(+ (,xi)os(,d to solar radialion at, (he Earth's

(lislan('e from (he Sun is shown against lh(, nun)b(,r

of foils for constanl vahws of (,missivity. Emis-

sivil.y and al)sorplivily w(,r(, a ssum(,d 1o lie equal.

The absorption tale ('an |)e dem'eased l)y eilh(,r

dt,('reasi)_g th(, foil (,missivity or increasing t tin
numl)cr of foils.
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Vehicle orientation,--()ne of lhe most obvious

methods of protecting a ('ryogenie-tanl( sut'face

from heating by solar rauliation is to ovit,nt the

stage so that ore' portion of t]w stage is used Io

cast a shadow on the ('ryogeni(+-lnnk stu'fa(.cs.

An a,ttilude conlrol system wouhl be l'equiretl to

provide for prolIer orientation of the vehi('h,
lhroughout the mission, ttowover, an orienl at ion

system would probably be required anyway t'ov
such funvtions as attitude control of the w, hich,

I)rior to making i)ropulsive manouw,rs.

Comparison of methods, -]#igm'e 9 compares

shadow shiehls and foils t'or protecting a hydrogen
tank from direct sol'w radiation at the Earth's

distance from the Sun assuming a=+=0.1.

Hydrogen heat-ubsorplion rate is plotted against

l.he thickness occupied by the protection device.
A specific tank diametel' has boen chosen for tim

sha<low-shiehl data, because the vaporization rate

is dependent upon the angle factor between ad-

jaceIH shields, which is a fmwtiol_ of both the

st)acin _ betwet,n shiehls and the shiehl iliameier.

For a given thickness, ten shadow shiehls provid,

much lower absorption I'IItOS Ill+In one shadow
shiehl. For thicknesses between 0.005 and 0.9

foot, tile foils provide even lower absorption rales
631545--62--a

lhnn the ten shadow slfiehls. For a given valttt,

of the abscissa paranletel' thl, /+oil curve is in(h,-

t)(,n(h,nt of tank dianwier, whert,ns tim shadow-

shield curves would move upwnr<l for (li+mwlt,rs

gt'eal('l' than lO fool ;iiid ill(iv(, (t()XVllWarl[ fol"

<lianwters less than t(} fe(,t. A weight (.Olttl)arison

betw(,en lhe foils and shadow shiehls would again

be ditli('ult, 1)e('ause the weight oplimization
wouhl involve the thermal-t)role('tion system, the

structural-weight penalty oflhis systetn, and the

iWolwlhm t 1)oiloff.

THERMAL PROTECTIONAGAINSTPLANETARYHEATING

Shadow shields.- -Figure t0 shows a <'ylindrical
ct'yogenic tank at low altitude above a t)lanet

surface, with the longitudinal ,lxis of the tank

alined along lit(, Stm-1)lanet line. Radiation from

the planet re('eived by the tank en<t and side

surl'_ces oc('ul)ies a hu'ge solid angh,. That is,

the angle factors for phmelary radiation are large

at low altiludes. To inter(:ept even the t)lanetary

radintion reaching tlw tank end with a single
shadow shield or several shadow shields wouhl

require prohibilively large shields, as shown in the

figure, unless the shiehls are placed very close to

the end of lhe tank. In order to shadow a locally
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horizontal lank surface romph, tely from I)hm('tarv

radintion, the shadow shields must oe('upy the

s_m., solid nngh, as the plnnet. The solid angle
o('('ul)ied by a planet inrrenses as the distan(.o from

the phmet (h'(_r('_tses and nl)l)ron(.hes 2r sterndi_ms

nl the planet sm'fn('e, Thus, the size of the

shadow shield would l)eeome l)rohibitivo nl ]ow
Mtitudes. Small-diameter sire(low shiehls would

provide essentinlly no protection for the sides

of the eryogeni(' lnuk. The Sun side of large-

dinmeter phm(,tary shadow shields woul(l t)e a good
relle('lor of solar rndi_llion. In fnet, the etreel of
relle('ted solar flux incident on the tank end _ml

side su,'fa('es migh! even be larger thnn direct

t)hmetn,'y flux on these hmk surfaces.

The etreetiveness of a si,nple system of double

shadow shiehls (with diam. equal to the propellnnt-

tnnk distaL) in re(lueing the hydrogen h(mt-

nbsorl)tion rnle of the hmk end due to l)hmetnry

n.ti_llion is shown iu ligure 11. Again, the stage
is assume([ to be oriented with its longitudinul

axis _dined along the Sun-Enrth line. In this

position solar flux is not directly incident upon

either the hmk sides or lhe tank end facing the

phmet, ttowever, sohtr thlx is reflected from lhe

l)lan('t surl'nre onto bol]_ the t_ml< end nml tn]fl<

sides. For fi_lll'(' 11 lhe ('ltlissivilv .ml absorl)-

livily ar(' assu,n(xl equal to ().1. Figure ll(n)
shows the sha(low-shi(,ld Sl):..ing rntio thnt mini-

nliz(,s lho hydroffm_ h(,at-absorl)lion rate pl(Hlo([
nKninsl lh(' rnti() of nllitu(h, at)or(, Enrlh's sllrl'n('e

t. Enrth's rn(lius. These sl)aClllg"" ratios de('r(,.se
ntl)i(tlv for (h'('z'easi.g nl)s('issa v_dm's of h,ss tl.tJl

1. A1 n value of Odtiltah,/i)htnet radius) of 0.1,
11., h('nt-nl)so,'pliott rate is minilktizod wilh the

sllmll Sl).ring rnlio of at)out 0.00001 (whi('h ('o,'-

r(,spol.ls to a Sl..'ing tx'lwo('n lO-ft-dinm, shi(,hls

of 0.0012 in.). The ]wal-al)sorl)lion rales thai
('orr('Sl)(>n(I to th(,se • "spnrmg ratios are shmvn i.

liKttre l l(l>). For tel'err,rite, the Ul)l)(,r ('m'vo

shows th(' M)sorl)tio,l z'alefor two (']os(,ly Sl)arod

foils. :ks nliKh! be ('Xl)e(:t(,d from the (t.'()rv the

shadow-shivhl and foil rurvos al)l)ro.rh oath 0i1101"
when lhe Ol)lilnum Sl,,'ing twlwoml sh,dow shiehts

is exlrenwly smnll (at low alliludos).

In order to rompnro lhe nmffnitu_lo of thv he_t-

absorl)tion problem in the virinity of I)l.nt'ts

other lhnn Enrth, ligure 12 isin(.luded. For this

figure il wns :lrbilrnrily assumt'd tirol the Slmrir_ g
I'_llio //d I)otwe('ll _.lj.r('nt sin.low shiehls w.s 0.l

nnd tirol vmissivily nnd nt)sorplivity were nlso

e(lunl to 0.1. lh,nt transfer onlyo_lheend oflh(,

1.hi,: fnring' the 1)hmet w_ts _ssume(t. The hy_lro-

_.._('11 ]l('al-nbsorplion rat(' iS sh(:,wn a a'ninst t]l(, l'ali(l,

of altitude above the I)lnn('t surt'n(:(, to phtnel

rntlius for Venus, Enrth, .ml Mar_. Venus,
Enrth, and .Nlnn's J'nnk hight,st to lowesl in thnt

order, (.OtUl)nring llw ]wnt-,d,sort)tion l'at(,s nl a

conshmt vnlue of lt., ratio of nltilude to plnnt't

radius. For low nllitmh, ratios, the nl)sorlHitm

rales are of 11.. order of 700 to 140 Btu/(dny)
(s( 1 ft elxl area), which are prohibilively high for
most al)l)li('ations.

Foils. The effertiv('ness of foil materia, ls in

re(hz(:ing the hydrogen heal-al)sorl)lion r_LH, .due

to l)lanet,_ry heating ('an be sul)stanlial, as shown

in tlgure 13. ll, was assmned for this figure that

the _tbsorl)tion nt{(,s are (hw only to the h(,,_t

transfer lhroug]l the surface sl)etqfied and that, t,h('
stage is alined on the Sun-Earth axis _ls in the

sketch. Foils are nssumed to ('over(x)mplet,el.v

the tank sides _md tank end facing the Earth.

Hydrogen heat-al)sorl)t,ionrat(,isshown against,

the numl)er of foilsfor a=_ I, (),l, _llid O.()l.

Also shown for ref(,ren(_enn, absorption rates

with no foils on the l anl.:. Ell, her inm'easin X the
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(b) ][y(lroglm h_,'_t-'d)S(Wl)tion raft, corr('sl)ou(till_ to

ol)timum sh_ulow-Mfi(,l(t spacing.

Shadow shields for reducing lwating [,|feel of Earth flux (m hydrogen-tank end (a--E=0.1).

mtmber of foils or decreasing the foil emissivity

decreases the hydrogen heat-al)sorption rat(,.

Al)sort)tiou rates on the, tank sides are less than

those on the tank end, |)(,('ause the v(,rt:i('M angle

fat,tot is less than the horizontal angle factor for

a lmrli<'uhu' altiiude. Ilow(wer, foils wouhl slill

t)c l'equire(t on the tank sides to a(!hievc low

al)sorp(iou rates.
Combinations of shadow shields and foils.----

Figure 14 shows th(, hydrogen heal-absorl)tion

rat(, agai,st th(, numh(,r of foils (foils imm(,(liaWly

a(Ija('(,nt to the tank end) bvhind a system of two

sl.t(Iow shh'l(ls for a tank (rod t'a('ing the Earth
+_tt(I lo('ated on the Sun-Earth axis at "m altitude

ab(w<, the Earth's surfae(, of 0.1 Earth radius.

A slmdow-s)fiel<l sparing :ralio of 0.1 was used.

Emissivity and al)sorpt,ivity were assumed equal

to 1, 0.1, and 0.0l. ])e('reasin_ emissitivily and

in('reasing the mmA)er of foils both de('reased th,,

h(,nt-al)sorpiio_ rate. For rel'erenr(,, q ('m've of

a bsorplion rate for a (o, figuraliou wit,h foils but,
no shadow shields and with ,_=+=().t is included.

Because the altil,u(h, is r(,lat iv(,ly low _uM (he angle

factor for lhe t)lat.'{ is relatively high, t,his (.on-

figuralh)n (wit,h no sha(h)w shichls) provi(h,s heat-

absorption rates (hal tlt'(' ahttosl +is low as tlt('

('Olltpat'al)l(, ('ontiguratio, with shadow shM(ls.
Also inc'hMe(l for reft,r(,t,'(, are horizot_tal (lash(,<l

lines for (,ottlivtm_liotts with no /'oils (i.e., two

shadow shi(,l(ts only). Frottt the figttr(, it, a pp(,m's
that the 1)cn<,fits (hwived l'rot, wid(,ly Sl)a+'e<t

l)hutetary shadow shiehts I'(>r l)rOt('('tiot_ of lank
sm'l'twes for ]ow-allitu(h' 1)latwt, apl)rt):t('ht's arc

g<,tmrally small. By augm(,tdittg tht' shadow

shMds with foils, lower },,at-M)st)rl)tiott rat,es are

possil)le; howevt,r, ]'oils all)n(' give practi('ally the

same heat-a])sorption rMes.

Trajectory variables, --Thus far, the methods of

prott,(,ting :_ <'ryogeni('-lank surfa('e from (,xternal

Iteatit_g have in<'hM(,d using shudow shields, roils,
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Altilude above plonel surface /Planel rodius

]:h;tliE 12+ I<ff,'c( of alliltl(l( + :tl)ov(' .,<(,v(,ral ])inn(,|+ (ill

hy(|rog(,n h(,:ti-;tl)+t)r|)tio, t'+tt(, with (h)uhh, ,_|m(h)w

._hi(,hl+ (/,l_().l; <+ _().l).

_'()r i hrust-to-wt,i_'ht r:tth)+ gt't,li|t,r ttil).ti a|)otlt.

O.Ol, t,s(,al)e and (,)|try he)it ahst)rplio)) is gt,m,r)J| X

)wgligihh,. Most chemical a,.l )m<'h,.r rt)t'lu,ts

have thrust-to-w(ight raiios gr(mt(,r thml 0.I.

Comparison of me¢hods, The t,il't,('tivt,m,ss t)f

|hi, varh)us thl,rnilll-1)ro;(,t.li()ll l(,(.hni(tut,_ for

ri,(lu(.hl 7 the riltt, of ah+()l'l)th)n of flux is ,_h(iwn

lit tigtll'(, | 5. The h3(ti'o_(,li h(,iit-ilh+orl)thin

i'iit(,_ J'Ol' th(, (,lid ot+ It (.l'.VO_.(,lii(. tanl< lit'(it(,('t(,({

lriv (,[tll(,t' shit(h)w shi(,hts, ()r /'(dis, ()r ,_hit(hiw

,_hi('hl,_ whh foil,_, tit'(, plotted itgaili_t the l'Itlio o( +

uhitu(h, ul)(ivo l,]arih t<) Eat'tit rtillillS. Th(,

lths()rl)tivhy |lilt] (,nlis+ivity wt,r(, tlSStilil(,(J ('qtitLl

to 0.1. It i+ ii[)fJiir(,lil lhiil ih(, +hit(low shh,hls

ill'(, r(,ililivi,ly hit,It'(,('( iv(, ill it)v,' ahJi lilt(,+; |iowt.v(,r,

tit liigli ltlliii,t(,s xvh(,r(, lh(' l)hini, t flux i,_ ]ilor(,

n(,tirix-lJtlrllih,| (liil(J liJlilo+l iilSigiiili<.iilit iii iiiti 7-

ililU(t(,)+ ih(' stilt(low +lih,hl.,_ +tt'(, lnor(, (,tPi,(.liv(,.

Au_'nl(,iilalh)n of lli(,,,.;t, +hil(iow slih,hl+ with hills

h)w(,r_ lilt, h(,al-ith_orl)lh)n rill(, t).v a i'tt('tiir oJ'

liholll 10. ||(iw(,ver, ltl ]ligli liJiilli(|t,s, l)riwti('iill.v
(lit, _lllll(' ,1)sorl)tion l'iil(,_ ('till It(' ohlahi(,(i witil

(,oinl)iiiitth)ii.,_ or tilt,Dr,, ()rh, niliih)ii, lint] NJ(,('iit'l )o.ooo

(.(ililhi 7 iiilill,i'iit|+. ()lie Olii(,r I'ti(.lof liitil sholii(J

t)(, ht('ltlth,(] h(,r<, ],_ trtij(,t.t(il..'< ('oli,,:,i(l(,ritth)n+,

_ili('(, th(, loliil ht,itl ilt),_()r|)(,(I Oll +ill V inissh)n will = i,o0o

lit, tilt, illl(,71'll| /)l' thl, ht,iit-til)sorpti()ii I'iit(, with

r(,sl)(,('t to tiln(,. Tii(,,_i, trlij(,('tol+.'< i,Jl'e('is iu'(,

t't)llsiiit, l+t,i1 ill t|(,ttiil ill i'()t'(,l'(,ll('t , _. _ ioo

A_ llit,nliolit,(| ])l'i, vi(')ll_l_-, th(, Jii,at-lit/SOl'|)ii(,)li 7

rule tit|l, i() t)lant,llir) h(,itlhig i_ tl strong [lint'lion
6 io

t)l' thi, altitu(h, Ithovt, tht, i)htnt, t. If ,,.:,thrill lit,tit- 7

tlhst)l'l)tii, in l';itt,,_ Ill'l, dt,sh'(,d whih, Ol'l)ilin_ It +_

l)Jllll(,l, till,it th(. vi,Jt{(<.J(., lilii_! ol)(,t'ttt,<, nl high _.

liltitttth,+. ()lit, lilt,tilt,'.:. (it hll'l:ili_ |ow-altitutJ,,,

('iililil)iJ{th'_ tin(J slniiJJ [l('ttl-t),l),'-_orfil[tln l'iil(.,s is L

t(I utilize ('llit)ti(_ orl)its, tt(,t'(' tho high heat- +
.c .I

liJ),"iOl'l}li()li i'tlI('S Itl't' ('ll('Otllit('i'(,'(l OIIIV for S]l(il'l

tiln(, l)t, rio(ls, iiti(l thu_ ill(' lotllJ Ji(,ili lihsor[)(,<l l)('l '

()rhit will hi, llill('}l Jt,ss than lh(, hi,tit tl})_()l'})(,(t J'()l' m .Ol

li |<)w-/lhitll(h, ('h'('uiiir orbit.

IJl,:(,wi_(,, tim ('st'tilt(' tili(J (,nli'y Iraje(.iori(,s fir(,

liJ_() inii)orlluit ill lh(, ()v(,rali _loraT(, l)i'ohl(,lii. .oot

Vchi('h,_ with h)w thru_l-io-w(,iTJil rlith)_ will

li|)s(irh nl(il't, hi,ill (ill)on (,_('iit)in _ or (,nlei'hl_' ll

i)]an(,t oi'l)ii) lhiiit will velii<'l(,,_ with tiigti ihril_t-lo-

weight riilio+, t](ixv(,v(,r, its ,_Jlt)Wli in l'(,f<,i'(,il(_(, _,

I io Ioo 10oo
Number of foils

I"I(lt'RE 13.--I!]ff_,ct of lililiJ)l,f trill| clni_'4",'ily of foil_ _)n

]iy(lrololi h(,.lt-zilosorl)lioli r:lh. (hi(' il) l)]_iil(+l.il')' ttli_.

Ratio of :iliiiu(h, at)or(, t'];lrih it) ]Qii'ih r:l(thi_, 0.1.
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l"r_;_'to,: 14. ]",ff_,c1 of mm_M,r of foils and prp_;_,wJ_, of

(|oul)h, shadow shinl(ls on [lydl'O_Ol| [ltqtt-_l.|)SOl'l)t loll Iqtl(!

(h}x _ to 1)hm(.tary flux ([/d::0. l). l)ianwti'r, 1(I feet,;

ralio of all itu(h' "tl)ovl' l",=|rt}l to Earth radius, 0.1.

foils _dom,. Thus, it _tppears lhat an altrautivt,

melhod o1' red(winK the (,tt'eet or phmt,tary heating'

is to employ foils on all sut'faces, since the addi-

tional a({vnrda_t' o(' IlSill_ shadow shields is rebt-
tivelv small. P,eh)w altitudes or about 2.2 Earth

radii, the t,.,ll roils are al h,ust an order ()t' ma,_ni-
tude marc Nfe('tive than two shadow shields.

At 14 Earth radii, tile two It('(, (,quivld(,nt. A

possil)h, disadvantage of ])]all(qar.v sha(Io_ shields
]S that lh('y will r(,(tHil'(, _| ('OlltilllIOlIS ol'i('lllatiOll

toward lhe planet, thus allowing Ill(, ('ryog, enic-

tank surfaces to t)e eXl)OSel] to (tire('t solar flux.

Any other shadow-shieldinK svst(,m (.onsi(h, red

herein will los(, its elli('i(,n(.y as a planet is al)-

1)roa('he{I. For (,Xaml)h, , an internul shadow-

shieldinff system lhal is Sllfli('i(,nt ill space will

IOOO

o

2

K

o
x
I

IO0

absorption ,

Fm¢l¢_.; 15. Eff(,ctiv(,npss of various th,vicps for rt,ducin_

effect, t)f plan('lary he;tIin_ (a =t =0.1).

l)rObabIy be illsufli('ienl ,war a l)lan('l where Ill(,
(,xt(,rlml h(,aling' can alt'e('l it. AKMn, it should

|)t, (,mphasiz(,(1 thnt th(, missiott plays , major
role ill dehq'mininK the t)rot(,clion system, If
only a shorl time is to |w Sl)('nt near a planet, the

shadow-shielding systems will no doubt suffice.

Ilow(w(,r, for lot_g parking" limos i_l ort)il, widely

spa('e(I sha(Iow-shiehlin_z syst(,ms will have to b(,

either rephw('d by an ldt(,l'nativ(, shi(,hlin;z svslem

or auKmt,nl(,(| wilh roils. The (,hoi('e ()r a (,om-

pletc lhtwmal-prole(qion system will ultimal(,ly
t)t, based on the minimum payload wt,ig'ht I)cnalty.

DESIGN OF A TYPI(_AL THERMAL-PIIOTE(!TION SYSTEM

'l'tlus far, ill(, m(qhods of thermally prote('lin.E

a (,ryo_enie lank have, in _ent,l'al, been Ire'trod
by (.onsiderin;z un isolat(,d l)On'tion of the tank

sul)je('l('d Io a ('OllS{llll{ illlOrlllll Of OXbt'q'tlzl.l J_|tlX.

The t)urpos(' of this se(qion is to inl(,grale these

findings and d(,nlonstrato a lnc,tllod o1' minimizing

lhe paylolul w(,ight p(,nally o1" a ('Oml)h't(' protec-
tion system for a particular space vehicle aud for

Sl)(,(,ilic missions. All (.ryo_enit'-tank surfa('es
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_vill bt" eonsidot't'd, attd a variety <d hoating

t'iivit'olllllt'lttS will prevail. 'Pitt, vt,hich, tlSt'd

,.','ill tit, a hydrngen-tixygett torminal stage. A

terminal stagt" ha,_ been selected |lecause it usually

is oxposed it+, lht" nlo._l +evt'rt, heiltiug environntent.

'['ht" slagt, asstttlil,d lilts tilt, h3dl'Og'elt lind oxvgt, lt

stored in l(/-{'oot-dianieler vvlindt'icai tiliil.:s lit.

..._(1o _./lld 140 ° 1(, l't,st)t'ct[vt, iy. '['he hydrogen

lilttl oxyTt, ll lgtllkS ;ll'i' |0 iltld '._._ t'pot lottO',

l't'spt'c t i.vely.

Two missions hay(" hi,on seh,cled: (1) a 179-

day one-why trip, which use,_ its tt'rmimt[ stltge

tn'opi, lhmts to pbwo n Imyhmd in orbil about

._,illl'S, alld (2) it ',/7N-tlllV i'Olilld lrip to Mars,

which int'hldes 70 days Sl)eiit. in a 10t)0-slntulo-
lnile circular orbit liboul ,_,[iii's. For lhe i'Olllit_l

trip it is H.qS/llllOd l|ial, ill'it!t" 1tlt" _2l)-thl\ wailing

lit'i'iod, the it'rininal-stage propt,llnnl._ iil't" u._ed to

put the pltyiolid oil it (+oiist tritji,(,tory for rolilrii

Io Eitrtti.

I1 is iiSStliilt'd lhtt{, tile ._liigt" t'otllliOllt,ltts iii'e

lti'ralig't,d in lht" followin 7 ordl,r- lm',load, oxygt'n

lllllk, hytlrogPil [llllk, lliid (,llg'illt'. Fl'Olll figlli'p<q

Ii to 9 it wits conchtded that t'xl)oStlt't" ill' it

_.l'yogi, lii(+-liink stii'fli<,e to dii'ect solar flux wit.,4 int-

prilt'ti<'lil. By orielilin 7 lit(, stilgt" with tho

pii)rh/nd ])Oililod ill lilt' Still, the ht'lllilig efft'ct of

solnr NtlX %,,;its ilVOidi,d.

lt'x+ith tilt, stage orienlt'd so thai the l)ityioiid

fltces ilip Sun, flit, iherintti-prolection-systt'in

tlt,sig'n will lit, bast'd tilt lht" t,ffeets of oilier t,xlt'rnli]

riidililiOli lilld the riidiiiliOli betwt't,Ii t!oinponolilS.

If it, is tlSSliint'd tiiaf: the payloa.d weight of the

t.erlilintl[ slttgt' is to be iltllXililizt'd, lt_ i'obitioil

Imiween pii.vloli_l wei7til, lloiloff weight, tind

lht+rliill|-l)l'ote<'liOli weight, <'liti be devt'hlped.

The sliiTt, _l'OSs weight is

II'_ tI',,l+ll+.,,-+ lI'<,--ll'h.+ll'.,

where 11"+0 is the propt'ihuit vented ow,i'lmlird tis

ii viii)or bt'ciuist" of lit'nl tibsorplion by the pro-

pt,lilliit liinks (not ti I)lU't, of II',,,,). If tilt" lilalt,ritt|

used for thernial prolt'clion is nol jt, l.lisonod bofore

the t)rolll,litints tire btlrlipd, liwn

The strut'titre weight t'llll lit" approxiniltll,d as

follows :

, , ]+,

Ir ,--Ir.l-,, <it,++il ,,,,j+,,,>,_,• I I '< (

wltere 0.08 (ll'_,g-Who) and ll.02 ]+' lire repro-

st,nt.lllivo vMues for the tankage slruct.ui't, wt'ight

litld the tht'lisl, sensitive wt'ight, respectively.

The unc'ertainly of the t'otiflieienl 0.07 is ,_lU,[l that

this exprt'ssion <'till lit! wrii,lt'n wilh t'qtlgil lt(+('Ul'lley

If tilt'so expressions for propelhint il.ild stru('iAlra]

weight arc' subslii.ut.ed in l.ht" original t'xprt'ssion

for gross weight, the resu|l.anl expression is

It;,, + II;,, f-ll'+,, { i.lls _

ll+_ +.i)S )'-

rat / --0.0,"; /t.ti2 It--'_

oi', in it tltoi+l_ t.otivt'itil.+lii, l'orln,

, ,. /' 1.0,',;_ t", , 11" " Ill,',',
,,..s-0.02 re;l-It,.-

•_vht're /"711"_ is the t.hrust-io-gross-wt'ighb ritlio.

Fl'Olll this final exprt'ssi<ln for II'_,+, it is Itpplll't'llt,

titai., for fixed viflut's of 11"_, A_, jr, and F/II'<,

lilt' paylolid weight is

14.s,,=const _L|.|. v__ il.o \d';'x""S+.SJ(1.(t8 '_

Titus, in order to lntlxilnize the paylolid weight,

it will lie llt'<!t'SSil.l')" lo niininiizo tim Slltll of ilt<_

t.liernial-prot, t'ction weight ti, lid 1.08/e a"/s" limes

the boiloff wt'iglit. For lht" ._,[li.l'S lrips hi'in 7 t_Oil-

sidei'ed, a l<,rniinai-sllige A_ of 3.35 miles per second

nlid tl. valut" of 0.5 for/_711", wt'rt" a.SSllnied. A vlihlo

of 475 seeoiids wits iiSSllliled iO hi' II. reprt'sontalivt"

viiilif of spvcific iiltptllSO for this hydrogon-oxygt'lt

sl it_t,.

lq'opt'lla.nt boihltr lias been sltown in /igurt's 2

I.o 15 It) lit, strongly dt'pendt'nt, Oil tilt" rti.dilition

t'ilviroliliit'nt and t.lie lhertilii.l-pi'ol, t'clion devivt's
used. Ftlrltit'rliiOl'O; tilt" raditilio/l piivirollillelii,

',',"ill ordinarily chiiiigo iis tilt" niission progrt'sses.

Addit iOlill.1 tiSStllil piiotls will b_; in troduct'd as tim

OliO-WllV lind round-lrip pa.y|oad weights lil'O being
lllaxitnizot.L

itlars one-way trip,---It was statt'd previously

that liie pa,yload was pointed at the Sun. Bec.lmse
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tlle thrust-to-weight ratio was large (0.5), tile

effects of Earth and Mars radiation (during the

escape trajeelory from ]_arth and during the
Mars entry trajectory) were negligible. Thus,

the only remaining modes of radiation aft'coting
be|loft" were the radiation between compon(,nts of

the vehicle and radiation fi'om the i)ropclhmts

to space. Because h y([rogc[l hl_s a heat of val)or-

ization more lhan twice that of oxygen, it is de-

sirable to vaporize hydrogen instead of oxygen.

This ignores the opi)osing (but negligible in this

case) effe('.t of greater hydrogen tank weight

be('ause oxygen is more dense than hydrogen.

Fig(we 16 shows the (,ff(,ct of vmiation of tim

number of inter(.Oml)onent roils on lhe payload

weight penalty (defined as II',,+ (1.08/_ _z_) lI'b_).

xl

S
c
aJ

x=

-£

o

o
0_

_000

lO0

i

I ! o2 o :,:o.9
• [ i H 2 30 ° R 140 ° R , 520oR

, X,, n e compone I

,_\ foils (a:_:O.I) •

,\ .one'Oo<,?"ng

and their supports \, .

between. 02 and _ .
payload plus

times H 2 boiIoff •

/

,,-Weight of foils and
,' their supports between

_; 02 on0 H 2 plus

,o_ (_.oaA_/z_)
t \ times H 2 boiloff

No hydrogen

boiloff required

I
_o 4 6 8 I0

Number of intercomponent foils

FI(;('_¢E 16.--Vari:ttion of Imylo:td weight pen'dly with

lllJlll|)lq" lit" foils between ('OIIIp()IIPBIS.

It. was asmmm(l that all |'oils have a-=e:0.1

(refs. 20 to 22), and (hat, the oxygen-tank side has

_=e--0.!). Tim weighls of lhe stage were as

l'ollows: 11"_--30,287 poumls (13,738 kg), 11"_p=-

2t,970 1)oumls (9¢J65 kg), lI'.¢t--20(10 pounds

(934 kg). Be(:ause the tmlk sides received no

radiation from the Sun an(l n(,gligil)h, ra(liation

from the planets _md st)ace , it was possible to use

tam lank sides (and engine end of lhe h3*drog(,n

tank) to rejec_ excess heat to st)ace. The emis-

sivity of lhesr sm'faees was chosen as 0.9. For all
oth(,r surl'a('es it, was d(,sinJ)h, to have the lowest

,_cceptal4e value of emissivily (0.1). Foil weights

were bas(,d on (1) foil weigh! of 0.01 pound per

square' foot of foil (r(,f. 20), and (2) foil support
weight of 0.03 pound per foil based on _ 10-foot

dimneter area and a foil d(msity of 50 foils per inch.

As shown in figur(, 16, lho optimum numbers ot!

foils 1)(,twe(,n the l)ayload and the oxygen tank and

}wtw(,en the hydrogen and oxylzcn tanks w(,re 7

and 4, respectiv(,ly. The total payload weight

penalty for this stage is only about l0 pounds.

This is only about 0.16 percent of tim (i245-1)ound

(2833 kg) payload weight of the stage.

The l)aylo_u! weight pemdty of lifts stage due to

thermal radiation is oxtr('mely small. Thus, heat

transfer by some other mode (conduction through

the st ruclure, e.g.) could easily lmve a hu'ger effect

on payload weight than prol)elhmt Imputing by
radiation. With tim almost negligible weight

penalty due to the small mmff)(,r of foils, it is not
n(,eossary to n,sort to isolated shadow-shMd sys-

tems as shown in figure, 3 to reduce furlher the

rate of heat transt'er from the payload to the

oxygen hmk

RIars round trip. -lt was shown t)rcviously that

the payload w(,ight pen,lty due to thermal radia-
tion for "l 179-day one-way trip to Mars is essen-

tially m,gligihle. Also, figures 10 to 15 show that
tlwrmal-radia!ion eft'e('ls in the vicinity of a planet

can 1)e several orders of magnitude larger than

radi_Ltion effecis in interphmetary space. Thus,

for tim rotmd trip suggesto(1, which in('huh'd orbit-

ing Mars for 20 days in q. lO00-mih' circular orbit,

it shouhl |)e anti(',ipated that tim t)ayload weight

pemdty due to thermal radiation will be much

hLrger than the t)emdty for the one-way trip.

In optimizing the therm_d-prot.ection syst.em for

the round trip, the following assmnplions w(wc'
IlIlI(|P "

(t) Tim thermal-protection system had fixed
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(,h,]nonls ti.e., no variabh'-goolii(qry d(,vicvs w(,ri,

(.ousidere(I).

(.:2[) For nil (.onsr 15hlls('s (,f the irit) , tit(: p,kvlond

was i)oinied lit the .%111/.

(:{) 'Fo [)l'(_v(,itl fl'(,(,Zill_ Of th(, propclht/lls, I'{)

liar |l('lti lOSS Wits Mlo',v(,d for vith(,r the hydro_cii

or ox3g('ll f()[" ,lily parl of the (rip.

([4) If a ('holt(, oxist('d, hy(Iroln,n boih)fl' was

us(,d itist(,a(l ()f oxyg(,il l)oihsff t() (.()ns(,t'v,, weight.

(5) Prol)('llatli, l)oilofl' wn_ assu)ii('(l Io o('(.ur ,it.

I ,ttnmsl)hcre. The maguitud(, of prop(,Lhm( boil-
off was cah'ulat('d by divi(liu_ lhe heat, input. 153"

the h(mt of vaporization at I aimosph('re.
(.6) Fay ,ill sui'fa('es the (,missivity and .d)sorp-

(ivity v,'or(; ('qmd. \',dues w(,re lil,iled (o (he

l'ililg(' (}.I lo 0.{,).

(7) Th(' instalh'd w(qgllt of foil: was the san)('

as luentioned iN the pv(,vious exalnl)h..

(S) The Mars p,u'king orbit was circubu" at an
aJlitu(h_ of I000 sta(ut(, Inil(,s atu[ contain(,d (h(,

Sun-Mars axis.

(!)) Th(, stag(' vclo(qly incr(,tn(,n( was 3.35 )nil('s

i)(,)' s(,('(sn(|.

t. lO) The sp('ci[i(' ilupulse was 425 se('onds.

Th(' h(,at-alss(srplion rates for l/iv end of Ill('

hydrog(m tank and th(, si(h,s ()I' (lie oxygen and

hydrog(')i l;inks, all 15ro(('('.l('d by l('u foils (o<=_
0. I), arc shown in figure 17 against angular i)osi-

liou of lh(, siaK(, wi(h )'('spe('t (0 (lle Sun-.\lars
axis. Two factors that alr(,(q these out'yes pro-

foundly are the variation (51' l)huwtary flux with

anguhw 15osiliol) ilroun(l lit(, l)la]i(,i and the varia-

ti(_stt of anFh' f,u'iovs with au_uhtr position. The

p]an('(ary flux vllri(,s with (h(, (enlp(,ratur(_ ()f the

l)]anel mid also will| /he plan('('s alb(,(h). Bee,us(,

1]I(' l)]Itli('t's ((,nlp(,t'aturo aiid ,ill)(,(|() are no( 15r(,-

cisdy km)wn for v,u'ious positions _u'ound t h('

15lanet (luid p/'olml)ly v,tt'y fl'oln (llt 3" to day Ill 11
[ixe(| t)osilioli, Itil'l,'Wli3"), the [)[ItllOlttrv _[]IlX(:,tllillSL

be tsredivied with gt'('li( pr('('ision. Two positions

where lhe thtx and ('ons('(tuiqillv lit(' ,ltssorplion

Flit(' iilltV b(' ('asilv (,Slilintl(,d Itl'(' the 0 ° (full (hty-

ligh() an(I 1S()° 0ili(lnigh() positions. For figure

17, the 9(}° lui(l 270 ° vithl(,S Wt,l'(, ol)(ain(,(l l)y titk-
ing tit(, lu'itlini(,ti(, lneli, n viihi(, t)etw(,(,n tiros(, (!oiii-

l)ule([ llsstliliiitg ,t fully stnllit, phin(,L itlid it fully

(ttu'l,;(,n('(l l)hute(. The flux I)(,tw(,('n ill(,s(, pohlls

was assuiii(,(| to vitry aecordilig to it silio r('|alioii,

lhe r(,sull of which is shown hi figlu'o 17. For

siinplicity, it wns llSSllillO(i llilit the allgh<' fa.etors

w(,r(' ])etw('en either fltllv sunlil or full3: sit,dawed

l)lltiiet surfaces an(_l eiih(,r lo('nllv horizonlnl or
v('rii('al tltilk Stli'l'It('('<q.

1_)," iut('Krt(liii _ the (!ttt'v(,s of tigtu'(' 17, the Itv(,r-

itS( _, ]i('ltl-,tl)soi'plion rlti(,s for ,t eoniplel(, orlili IIF('

()l)lithi('(l. flower(T, th(,r(, is 1lO l'(,itSOli lo bell(w(.

llmt tile lu'|iilrll>ril3- llssttill('d lilt|till('|' of foils (1())
is alSO ilie oliliilllllli itlililb('l" of foils. This l)i'('s('llls

ilO plu'licuhu' difli('uliy ill ih(' Ol)liniization proo(,ss,

}5('eittts(_ (fi'Olil ('(1" (14) ill (h(, 3. NAI_YSIS) it (!1lll

1)(' S('('lt Ih,_l, if il ix ilssunied thai, cz_--e,,--ez %,

th('n the Id)sorption rat(, Oli tlt(,s(, (,xt(,rnal Slii'l'aC('s

i)ltlS(. 1)(! 1)rollortioual to e ri[._,:(2--(!)+ I i.

|ly using (he 15r('veding asstunptions, i( was pos-

sit)h, to inininiizi' ill(, i)ltylolld w(,ight l)(,)llllly.

The r(,sulls of this opt[ulizltlion process Ill'(' showit
in liie following sl,:el('h (if lhe lerniinltl slilg(,"

Five foils, ¢ =O,I 7

Six foils, _= 0.1 _

i /

l(')

97 fo)ls, _:0.1

Payload

lid

'l'tw nunlt)(,r and (,inissivi( v ()f (lie foil Slii'fil('(,s llrt.

in(lical(,(t. ?i higlt(,r v,i]ll(' of (,niissivily I)elwe(,n

lhe ()xvT(,il ||lid ltydi'(sg'en iluiks w()uht }lay(, l'(,-

suit(,([ lit fi'(,ozing of th(, ox3gOil durinl_ lit(, 179-dity
('(5list 1¥(5111](]Itl'lh ((5 X|lil'S. Th(, foils lilld lli(,ir

supp(sris w(,igh lit) l)oun(Is (.'30 kg:). Durhig the

17(.)-(lli3" /)lilts(, (5[ tile trip, 99 j)()tliids of h3dr()g(,li

,litd uo oxygen lu'l' vltporiz(,d and vi'iilt'd. Dui'illl_

ill(, 20 (lays ill the X|,ii's orbi(, 100 [)OlliI([S of

h3-(ll'Og'('ll Itild 57 p(sunds of (sxv_(,ll Ill'(' vilporiz(!(]

iiit(] v(qit(id. The iotill I)i'Ol)(,ll,uil t)oilotr is

ih(,r(,for(, 2a(i t)ou).ls (|1(_ kg). Thus, lhe 15,13.-

h)ad weight penal(y

• 1 .as ,[,,I.I',,_

is only ,haul. ;3 p(,r('(,nl. ()ther weigh(s ill'(, ilS

rollows: ]l(,t pa.vhsad, (il0S i)()ti)l(ts (2770 kg);

gross, 30,526 ])ollli(|s (1;3,,";41 kg) ; slru('t ur(,, 20S3
pounds (945 kg); and propel|aztls, 21,970 t)ou)l(|s

((,)9(15 kg).
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I

Hydrogen-tank end

(facing Mars at 8 =0 °)

. Oxygen-tank
,1 sides

• Hydrogen-
• tank sides

0 90 180 270 36C

Anguiar position, O, deg

FmvaE 17.- V,'u'iation of heat-absorpi.ion rate with

anguhlr t)ositiol'_ for siagp in circtllar orlfit 10l)0 ,'4t:.tltit(_

mile:- above M'n's sllrf:.tce. T(,n foils (m hydrogen- nnd

oxygen-tank sides and on hy(trogen-l:tnk end (a * 0.1).

Solar alinement. -For bolh the one-way lind

round trips, it was assumed thal the payload was

pcrfe('tly nlined wilh the Sun. With other lhnn

l)(,rfc(.t alinement of the vehi('le axis, (lir(wt solar
tlux wouhl t)(, in(.id(,nt upon the (.r.vogeni('-tank

sides. This wouht pvodu('c l)ropclhml losses and

degradation of lhe v(,lo('ily-itwremen( l)otential of
the stag(,. A (]elaih,d lr(,nlnl(ml of the effe('l or

lank alinement with r(,sl)(,('l to the Sun on ha|loft

losses is ])res(,nt(,d in rereretwe 5. The magnitude
of these t)oiloff losses is shown in figure lS for both

the one-way and round-tri I)('ontigurations. Inle-

grate(| ha|loft loss(,s are shown for the 179-(Iny

phase or the trips againsr lhe ,nglc of misaline-

menl with r(,sl)e('l to the Sun. For nfisalinem(,nl

an_zl(,s greater than about 2.2 ° , both the hydrogen
and oxygen losses exceed 100 pounds using lhc

round-trip sing(,. Because lh(, one-way-trip ._,t,l,q'_.
has no foils on the tank sides and instead uses

highly absorl)iive surfa('cs, its losses are about. 100

limes grmtler than for th(, round-lri t) singe. As

I00,000

I 0,000

o

o i,ooo
o

_o

5 I O0
JQ

c

R

Q_
0

I0

I
.I I I0 I00

Solar misolinement angle, 7, deg

]:I(;t:m,: lg. l+3fect, of stage misalinempnt, :tnKh' with

r(,sl)ect to local solar tlux on prot)cqlant loss for one-way

and r(mud-trip configurations.

shown l)reviously, these losses arc l)roporli(mnl

to U[N(2- _)+1].
It would t)e possible to include lhe ell'cot ()['

solar misalim,ment in the payload weight optimi-

zlllion. An o|)vious 1)Itssiv( ' nl(,lhod of elinihniiing

prol)(qlltlil boiloff dtle lo sohlr inisnlilieln(,nL is lo

('Ollslrtl('l, llie stitgO in lhe fol'nl or il (,()lie (instead

of (.vlinder), as shown in sket(41 (f). Solar lnis-
lllilipmelll llligh's its lnrge tls _i,'2 ('ouhl t)e l()lei'ltle(t

wilil ll(i l)ropiqhtnl loss due to sohil" flu×.

Payload

Eng;ne

(f)

CONCLUDING REMARKS

The iuiaiyli('al techniques develol)ed in this

rol)ort l)rovide liie I)lusic iiit'oi'Illilli()ii ]'e(lilired to

design lherniitl-t)role(!lion s3"slolilS for propeihtnt

lliiil,;s sulije(qed 1o lhe lherniill-rltdilllion environ-
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merit of space. The application of these them'el-

ical rehU ions lms been demonstrated for cryogenic-

propellant lanks. Ilowever, the methods used

herein nre equally applicabh, whether cryogenic

or mmcryogenic propellanls rive considered.

'l'hermal-prol ect ion syst eros have been discussed

in detail. The oplimum melhod of providing

thermal protection for cryogenic propellanls is

slrongly dependent upon the nmffnilude and
duration of the lhermal envivomnent encountered

during the mission.

Shadow shiehts nnd foils can gre_tly reduce the
heating of propelhmts due to both interlml and
t,xlernal thm'nml r_ldi_dion. For low-altitude

plnm,tary orbits, foils appear 1o be desirabh_ for

_dl cvy_,geuic-tauk surfac_ exposed to phmel,_ry
or s_l,ll' radiation.

'Phe proper orientation of _!. space-vehicle

cryogenic tank with respect to the Sun is one of

the mosl beneficial melhods of reducinff the

healing eft'eel of solar tlux.

It is recognized thnt sewwa] olher factors, such

as aerodynamic healing during the boost lr_jec-

tory, weightless fluid-dynamic phenomena,

meteoroid penet ralions (ref. 2:_), eft'oct of In(,teor-

oids on rellective sttrfaf'es (ref. 24), Inaterials

problenas (ref..'25), nnd nuclear-radinlion he_tting,

mt_v lmve au itnp<wte.ld effect on lhe choice <fl' _t

lhermal-proteel|on system.

LEWIs I{Ee, E?,RCIt (_ENTEI_-

.N,'ATIONAI, AERONAI'TICS AND _I'ACE ADMINISTRATION

(q.EVEL>.XD, (Into, .1 ,yu._l 3, l,ggll



APPENDIX A

SYMBOLS

.1

(¢

,I

F

f

ff

h

1

1

i'

7"

t

.5,-

1"

dI'_

5

cross-seclional art,_, sq rt
n lbcdo-- 1 --(,inissivi_y - r_,tlecl i',it v

dinm(,t(,r, t't.
thrusI

I/Ilg'[{' [acior

at'ceh, ration till(, to _raviiv al Enrlh's

s I|l']'_i('(,_ J't/'st'c 2

altitud(', stalul(, nJih's

st)c_'iflc imlmls(', s('c

al)ll_ll'Plll ll]('all lhermnl conductivity or

itlsul_ition, (BttO(im)/(sq ft)(hr)(°R)

dislane(, }wtwi,vn rndiation shMds, rt
lllllllll/'l' O[ rndil_iion shMd._

hi,at-tl'illl,_[/,l" l'lli(,, l_,tu:/hr

radius, ft

| tq IIpPl'a 1,111'P_ °t{

ihickm,ss of insulalion, in.

slnge vvlo('itv in('rcm(,nt, I't 's(,c

wvighl, 11)

IIIlV S(IF/'_I('(_,'-I OF l[lillli _II|'fliC(_S

(,xli,rnnl h('_t Jinx, in('idcnl ul)on bnr(,

lank or lank t)rotv('lion syslcm,

Bt u/(sq ft) (hr)

z-- 1 on Sun side of t)lnm,l; z--O on d_rk

sid[' of l)lalwt

tohd hi'misl)h('l'i('al absorptivity

Im'd h(,misph(,rical al)sorptivilv or _ sur-
I'ac(, for solar radiation

s(,o eq. (2)
total hemisl)ht'ri('al emissivity

total h(,misph(wicnl (,missivity of outer-

]llost, S/ll'['ll('(' lit Slll'rll('L' t(qllp(Wat,llt'('

p rmlius, stalin(, milos
Nl(,l'nn-B(fltzlm_tln c()tlstatll. 1.71;3 . 10 _'

l{t u./(sq f! ) (h r) (o I{ _)

,%ul)s<'rit)ts :

a circular 1)orti()tl o1' shMd shalh,(I hv

a(Ija('i'nt laid,:, or shidd

B _dl su/'l'_w_'s I',cil_g il_w_l'd to p1"Ol)_,l]allt
l_mk

/* annular 1)orlion o1' shi(,ld noi s}mdcd t)v

a(Ija('('nt l_mk or shMd
b,, boiloff

I'" nil SlIl'J'li(x,s t'_t('in g oulwal'd [1'o111 l)l'O-

l)('llnnl lank

.q gros,_
Ill(If lllllXillllllll

_ llPl

o r('lh'('tiw, sm'l'ac(, upon whi('h (,xl(.rnn[
radialion is im'id(,nt

1' rvlativ_, to 1)lain,t, or l)hm(,t

I,/ l)i_5load
,N' Sun or sol:u'

S,l' Sun lo 1)bm('t

.,. rolniiv(' to strut(,, or sl)n(:(,

._'[ SI I'll(*[ I11'(_

1oI total

/t, lhvrtnal l)l'OtCC! io1_

_¢1) us(,l'ul l)rot)('lln nl

r v('rticnl

a' a(lj_wm_t lank

Y lllllk for which h(,al-nbsorl)tion cnlculn-
lionsm'(, 1)(,ink marl(,

2;{



APPENDIX B

ANGLE FACTORS

The 'mgh' far'lorry.2 is defined as the fraction

()1' radiant energy leaving sm'/'ace d.l_ that is di-

rectly int(,r('ept('d I).v surt'ae(' _lz. Assuming diffuse

radiation and the ('osim, law of Imnfi)('rt, .1_.t'_._ is

/i if( )
where lhe _eometl'y i_ defined I.)3" sketch (g). This

rt,hltion w_ls d(,rived ill ref(wen('t_ 26. The angle

l'a(,tol's pres(,nt(,d he,'_,in are 1)zJst_d on lhe pre-

('(,cling assmnt)lions.

_d,42:Element of orea on

Normol to dA I , _ hemis0here of rodius r

Lengfh : •

(g)

i)IRECTI, Y OPPOSED PARALLEL DISKS

The aa@e factor t'or dire(,tly opposed lmralM

disks (hased on ref. 27) (sket(!h (h)) is

[ (.... , ,I r; + l- , r; +/- - r,;
1 .... " -- l' l@-" --4 =

where

and

.I],eat--./'2,1,t2

If r_=r_, equalion (B1) becomes identical to an

independently derived angl(_ factor for the sam('

examph' (('q. (A5)) in reference 18.

2.t

i

I

_r I l

(h)

DIRECTLY OPPOSED PARALLEL ANNUL1

The angle fa(q,or for direclly opposed parallel

ammli (also |)asod on ret'. 27) (sketch (i)) is

• I rir_--r_ _ /I,_r_+l_"_ _ _ ri"

+a/(l+r'5+_l:)--4( r_ (B2a)
¥ \ r_ ,] , " "

• _ [i_ +,.i_+/_/_ (:_,.:,,._)_

--,/(r::',-]_-I_)-'-(2r,r_)_

+ _ (,'i _):_+7-') _ (2;',d) _

-,hi-{ ,,_W_/v-_;:_:_)q (re,b)
whlq't,

A,--_-4

&-- _(r.l--r_)

A_ _r(4--rl)

,fL4A1 =J_. lzl_

f.,. 4A..,=f_. _A4

and r_ may be zero.

r4

_i_
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tlORIZONTAL SURFACE AND SPHERICAL PLANET

The angle fa('lor between n locnlly horizontal
SUl'faee nnd eilher a spherical planet or 'l flat

plale subtending the same _q)parent solid nngh'

as a pllmet (skptrh (j)) is

This relntion and the one tim! follows nre pre-
_ented in reference 3. In reference _'28 they are

verified ntM presented in a more general mnmwr.

5 Horizonloi surface
/

Flat-plate _ I

equivalent of / ±h_

/J/.-_l V,

2 / "

VERTICAL SUllFACE AND SPHFRICAL PLANET

The angle t'artor between a locally vertical s,r-
face aml either n spherienl l)lnneL or a tlaL l)lnte

subtt'lMing tile same aplmrenl solid nngh' as a

l)lam,l(_ketell`(k)) i_

t p,,', /,
, , / LCI,J'II L

11,2= =71 _ tlll. l'- /,i/I +_1,) ( , +_:_)" J "

(B4)

MULTIPLE HORIZONTAL NI]RFACEN AND PLANET

The angle factor belween a eirculnr, tlat, locally

horizonlM sMeld and a planet when separated by
another shMd is shown in sketch (1). it has been

assumed that the diameters of both horizontnl

surfaces are equal (dl=d2) and that the centers of
the eircuhu' shiehls are on a planet radius. As

previously, the flat-plate equivalent of the plamq
is assumed.

Vermical surface ikl

I X Flat-plole equivalent
of o planel

The an_h, I'aelor between shield '2 _md a planet
is defined as

J)'-'.,'==-.fF,.,' (1:-'"'" l.,__.,)=_f,.,,.,. IBs)
./'2t,.i P " "

W|l(q'e f_u,p is lhe anFle I'_wlor t)etween a horizonlnl

plate and a I)lam'l (given prt, viously ill` this

al)pemlix); .f_,. is ll., angle t'artor between lhe
.mmlav area b on shMd 2 and shield 1, which cnn

also I)e calculated wilh lira equations previously

given in IMs al)t)endix ; aml.[:_,.., is lhe angle l'nclor
lmtween ilw mmular nren b on shMd 2 and lhe

projected area of lhe ])]alle| on surface 1.

7
/

dl, p would De diom

of shleld I • i suP-

tended same SOlllJ

angle as planet when
viewed from shleld 2

.... .,------

" Shield

-- a2,a _ Sh eqa 2

d 2 ' d I = d 2

(/)



APPENDIX C

GENERAL METHOD OF CALCULATING THERMAL RADIATION BETWEEN ADJACENT SURFACES

The veileral model used to caleuhite the (,xchaiige

of thernml radiatiori t)etwe(m adjacent reflect|v,'

surl'ace,_ (,lssumillg radiiltiou e(luifihvium, uni('orm

temperatili'es, and emissivities and absorptivities

iildepeildelit of (emperatur{,) is as shown in

sketch (m).

This sketch d{,nionstraies the exchange of

radial|o)| l)elw(,en two surfaces. The radiant heat,

emitte(l by s|ii'fae(, x, in the direetion of l! only, is

('ousidered for shnpli('ity. Nat||at|w, held emitted

from sm'M'e ),, i, the (lir(,(.tion of x would MIow
lhe same patte|')l of absorptions and )'(,/h,etions.

Diffuse radiathm and the (.oshie I,w of |mini)eft

were assuitied 1o app]y.

Tra('iug the radiation ex('hang(, l)(,tw('(,u these

lwo s|irfa('(,s shows that (I) radiim( heat is entitled

fr()m sm'l'aee s' because of its leml)eralur(, , (9) a

portion of (h(, radiant heat thai leaves surl'a(.(, .r is

absorb(,d l)v surfa('e !l, (3) a l)ortioil of this vadhmt

heal (hat rea('hes sm'faee !t is refh,(.ted, (4) a

l_ortion of this refh, eted radiant heat is al)soi'l)ed

by sui'faee x, and (5) a poriio)l is refle('led. This

series of al)soi'l)tio)is aiid refle('tions (.ontinu(,s on

The tolal amount of ra(tian( h(,al that eveiit|ial]y

|'ea(4ies Sili'f'we y (be('aus(, of radial|on ori_imitin_

from s|ii'raee x) i_

_,)=_,-1,I ._./..,,a,ll +.L_.,,J,.,(1 -_)(1 _,,)

4-... +.f_.,, f_._(1 --a,)"(1 a,,) "j

For II < n ( co,

()= ¢_,.4 _ 7"}.f_,,,_, _ [f_, _,f,,,,(1 --or,)(1--a_,) l"
11=(I

But the tlllgle flietol's Inllsl I)e _ l, illl(| lit)s(il'l)iivi-

ties nlllsi be _<1; therefore, f_-,J,_,_-(l--OCr)(1--al, )

(1, lliid the ilifiniie series eoliverlzes. Thus,

°l ®l ®i ®:,, A, r/ I
I

(°".A.r,/i)fx,r ff, y(i-%,)'_* I
i

(°'(_x Ax YX4 }_,# fS, X (I- a¥)(I- olXl

l , , , , t i_l///ii, lit�I//t.. _ ," .... i, i i : . .' .'', .., .' l

I

(<,.x,¢,d))f_r _,< (i-._) _ (I-.J

i-_.)(i-_x) _ _

i
(#'xAxTx'l)f_.vfy,x(I-°x)(I-ay)liy I

I

o I

®1 @ , ®
[./:' ....... i

26
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_imilarly, the lol_d _mmmH of radilml heal. t.h'_t

evenl ually rel urns to surl'a_'e x b(,eause of the m_my

relh,¢'tions of riMial ion origimlt inff from sm't'aee m is

II = 0

[j,. u./,,,¢(l --a_) (1 --a,j)["

('. a,_A_T_.l_.,,f_,.,(l--av)a_

e=_ _ L.,,.r.i.( _-o_;1(i--.,,)

By using the melhods developed, the general
h(,_n-iransfer model in sketch (n) can be utilized

in describing the radiant heat exelnmv_ belw,,en

tWO (_OllSlllH|-l(qllpor_ltlll'O SOllrCos.

Surfoce y

o- _X Tx4Ax

a _x _v fx.v Ax T/

I - fx, r fy, x (I-ay)(I- "X)

i- ex,xfr,* (I-_,)(i-_x)

"-'r ,,x 9._4 5;*

I_ o- ,_y Ty4 Ay

Surfoce x"

(n)

TI_o terms used lmve are ileal-transfer rMes and

Ill'(; _!OIIlpOll('IllS Of the ow,r_dl radiant M,_tt. ex-

ehan_zo. From the pre¢'edin_z it is al)parenl llmt

the net. tale of he_t emission rrom surl'_we a" Ols-

suming the enviromnentnl leniperalure is 0 ° R _m(1

0 ,, _,_,(i--,,).L.,.D,.,T;

The resulling tlel heal-emission nile from such mi

I'qlllltioll 111113z 1)(, positive or negative ill siffll lie-

pending upon the temperatures used. The posi-
live sign will indi_'aie the nel rate or hem emissio.,

and lhe negative sign will indieIHe the nel nile of

he_d absorlllion.

Simillu'l.v, the net rate of he_d M_sorption by

surl'a_'e ?/is

[73 -_._.J,,.J.
\,l/by y 1--.Lr, U lU. Z_,I --it.r) t l --GU)

....... . --o_ ,, (C2)

If lhe ]'esMhmt net heM-M)sorplion nile is

lieglitive in sign, this will indi('ate that this plir-
iictlllir Sllrfll('(_ }ills it llOf l'il|O 01' hem (ullis_ioll

rtltlier iinlli it Dot rlile of heal llbsori)iion.



APPENDIX D

THERMAL-PROTECTION METHODSa

ON-BOARI} Iq_O'I'E(VUiON

Shadow shields.-If one ra, di_dion shield is

l)Ia<'ed dire<'tly lmlweon tht, two eqtml-dhlnu,te,'

cottstatxt-tcuqmrature sources ur p, ttd +1 (d,:eteh (o)),
lit<, eXlm'ssion fop the nt,t Pale of honl ahs<wplion

l)v +urf,.'t, ?/is _ivt,n l)v

+-++,,,+G 7_ t tI(;T+ .....

ll_

_V]I('I'('

O-_//+ f _' r

1; =l -./_(1 -<,) (1" o,£)

A7 at++!':'( --%)%

1 /'_{ 1- e+.) (1 --¢._+)

(l:---- t -- "" - +.! "(1 --%)( i-- a/)
tl tl(]

11_ ++"'/'2 ('l +%)%-
1-- ./'(l--%) {,1--c+..)

The nngh, fach)Pf is the saint, (hroughot,(, 1){,caust,

the i,(lual-diameter <.tmllmn(,nls ttml shiehls ave

equal distan<'i,s I'Pom oa<'h <)thiw. Etluation (I)1)

is for the flit{, of ]l{qt( ll'ttllsf(,l' |)(,qw(,(,It t}it, (,lids

t)l' (hi' eOml)ononts oltIy (i.e., ]lO heat transfer

/l=/g = 13=t,o=... =lt¢

(,))

llH'Ottgh tlt(' st(It's or lh(, {'oml}ont,nts ). lit,r(, it is

assum(,d that the tt,n)i}eratu}'(, oi' the (,))vit'()m)wt)t,

is 0 + R aIM that ther(, is no t(mq)(,rature g'ratlient

either itt tlt(, l)hme of tlt(, shi(,Id or normM to the

shi(,hl.

Using th(, snm(, assuml}lions , lh(, flat )'nlt, of

heat al)sorl)tio)l l)5 surfa('(, !1, (h)'t)ugh a sy,_t(,t)) of

two ('quMly spaced r.diation shi(,Ids, is

1(_ (5+7')+[_(+,,++_) I+:--II]B(/T_ 7'_
_,::U.,:: _(_7:+_)-E /It"re;i: +(//-_+")

Ft)P thr(,t+ shi(,hls,

+]- ++(++++.+-/+:-Ha+(]):,_=(t<_(+,,-i:e-_)::l+5--l]} ii(_(%+;_i--l'_':lIl-'" l<1(_i_la(,,+7+i+,.)--I+'=il H(;) -F(jrl- #+.,,)7'+,+

l&

I,'o r .V 5:+-2,

(]A+ 17'4 _J_ (l)_,r + 1") I?,GT+(++]) +,= ' (u-+++,,)?'_ (1)2)

wh('rt' +\+ is th(' ntttnl)(.r of shi(,hls, nnd l)x _ and l-(v __ are the (h,non_itmtors of th(, frn{'tions in th{, {,<itta-

tious for N-- l aml +V--2 shiehls, respectively.

A fut'ther g(,nernlizalion of sh+l{low shiehls van b(, ninth' 1)v l(,tting the two (:onstant-tentl}('rature

t)o(lies hay(, varying (liamet(ws as shown in sket('h (p). ht or{h'r to obtain a ]'(,asonnt}h, solution for this

svst(,m of shitqds, it is assutn{,(I (hat the angle factors fz,._, f_.+, f2.a, • •., .f:_,-..:v. an<l fv._- are all equal.

This +tSStltllI}tiolt +llso <li<'tat('s thttt f_.v,.[e.t, . •.,/.v.x i, ttll(] ./+-+.v will l)(' equal.

'l'|l('ritlal V<lllilil)l'itlIll {.onditiotls ;lrt, aSStlltl('d lllrOll_Ii<)til Ibis :q)l)(+ndix

+._}s
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(p)

and if

• , . + ,c
l_h(wPtOl'( ,, /'l,,,"l'!i_ 1'2,,,'1'1_ . . ._ IN/I N ]_ lilld i'zil' A, HillS[

I)e e(tttnl ; and I_ir_,, [_/r_, . .., [:,./r.v_l, and /_/rv

must I)e equal. With these reh_tions nnd the

geom(,try of the system, the radius of any slli('ld

arm the proper Sl)a('in K between shMds ('.It be

obtailwd from the following equations:
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Wllen (_,/_)_t_/_)_-l, lhe rxpr,,ssion I1--[(_/_)_,

(U_).]">ll/[1--(./'_)_(¢/c_).] must b_' replaced by

(N+ l).

Insulation. q'wo equalions ea.n be writtl,n flit

lhe insul,ttion systl,ni shown in sketHi (q). 'Phi,

first one ¢h'tlnes the net rnte of hem absorption

©

°x ' _x

CIj, _p

hy surfilce 1 due to thtwnlM rndiation from surface

,r (see (,q. (('2) of lqqwndix (') and is giwul by

'_ " ¢II-_t )'1'_ I;l)4d

lV[l(q't'

ltlll|

/I-- ael.f 2 1--%M1

Equalion (1)4_) aSSmlleS thai lllm'e is heat transfer

only through the ends tlf the tlunk_ iuId tim insuht-

lion iliid l[lliJ, liio surroundili_ euvirolllnettl is ill

0 ° R.

"l'hp olher equMion tltlti (_tlll lit, wrillen 1'o1' lilts

sVSielil is lilt' expression fop the l'ltte of hpilt

illiSOl'l)tiOll ]ix Slll'['i(('(, .#1till(' lO ('Oll(]ll(!liOIl l]ll'Oll<]h

lhe insu]iilion :

(_ -_k (7',-- T,,) (D4b)

I!:iiiii!ill::::!7[:!:6 :!:L:::!:i¸!:::ix

112,_2 J _ Ci I ,e I

11')

('qlilttiOli ('lilt lie obtnined by C!Olisideriiig lhe hl'lit-

li'liliSl'l_r l'lito t iii'ougii slirl'Itc'e 1. The net rill l_ of

Ileal elilisSiOll |>3 Slll'i'll('o. 1 llltlsl, lie t,llllill to the

lielt, l-lrlutsfer rate due to eondclclioit llirout_h t[lo

insulltlion ll. ]_]quatilig lileso tWO ]leltt-trallSfet"

rliles l£ives lho followinl_"

"wh (wt,

lllld

17--
t --.if(1 --<_,)(1 -_-,7

1_/_(1--_,)(I <,)

(Dslt)

._. second equation ('llli hi, oblilhll,d |.iv consider-

illlz 1lie heut ltuit, roaches sul'l'a_'e 2. tlere, the net,

rate of heat ahsorbed by surfaco :2 must tw equld

to the heltl-transfer l'IHe duo to conliu(!liotl, t [irotlgit

lliohisullttion t,:. This isgiv('n by

_,V] 1 IW('

Itlld

ir 'I _f(,7",4 /11--_+_)7'_>_ - _ (7',,--T,,I
" - 2 > " '

1 --f_(1 --_ll)(l ¢1-.)

lI: _e,.,./:!l - m)<t,_
l--I "e l--chill--_'2)

(1) ;%)

This equnlion ilSSlJliies llilil lhol'O is liO ]lent trnns-

fpr by rlidilllion lhrough llie ilisul,*llion.

'['he 11(,I I'iilt' o1' ill,ill ltlisorplion bV Slll'fi_c(' l,

giveii ]l\' t'qiillliOil (])4li), IlillSl tie eqtiu[ Io the ralo

of tiolil trnnsl'er b.v eOlidUetion l}lrougli lile ilislllli>-

tioii ((,q. (l)4b)). The IlnkiloWll lelilpertHlire Ti

('lilt I]ll,n It(, ol/lniiied by li lrilil-lind-error proet,ss.

After 7"i is ohtllhled, lile heiti-irll.ilsl't,r i'illp t'illi lit <

given hv either etlliitliOli.

)l_llOllier silnliar Itppiic'lition o1' insulll, lion is

siiowii ill skeich (r). llei'e 117niil>a iriiii-ilild-orror

solulion iiivoivin 7 two equnlions is required. ()lit,

The unknown teniplq'tHures Ti nnd 7': can ])e

obtllined fronl equltiiolis (DDa) aim (1)5b) lly a

triM-and-error process. Then the net ntte of heat
tl])sorptian t)y surl'ileO y can be obtllhled by ushlg

tho conduction oquation (i.e., ?/.,l=(k_/t:,)(7":--
T,,)).

_. third apl)iicnlion of insu|Mion enlploving

gilpS i8 shown in skoteh (s). Por this systeln,

tilol'o iu'(_ ltn'ee Illlkllowlis (7"1, T2, illld (_l.i, lhe

llel. heltt-ldlsorp(ion l'ale o1' stlri'uco x'). TilllS,

t_]iree oqlllttioils iti'o needed, Tile fh'st equittion

elili be obtltinpd by equill ing I lie, holt I-1 i'll nsfi,r l'_i t e
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_y, _y

_-, --:©

"" r/X_

a I ,_1 _ r

LI2X ,_ x

due to CO|l(]+l+lCt[OlI through the insulatlion 10 the net

ntte of heat absorption hy surface 1+ This is

given by

]r (Tl-- 7'.,) =GT'_+ (II_-- o-+,)7'_ l)6a)

W|+i(q'(!

lll((l

lit= ae f_(I --%)c_,
1 --J+'(1 --_,) (1 --<_,')

The m,xt e(luati(m that can he written state+

tlwtt this lll.,t rate o[' heat absoJ'piiott by surface l
((|tie to thei'nt.l |'adiatiol+i front mii't'ace x) must be

equtd to the mq rate of he.t emissioi( rrom sur-

face 2. This is giv<,|l by

ati(l

o++,+,f_(! -,+0),_+

(1)0tl)

With 7"_and T,, the only unknowns in (,qttations

(1)6.) and (D6h), there are two e(luatioits with
two tmkimwtls h'<)m whi<'h 7'1 and 7',, <'an b<, ob-

tain(,d by. trial-and-error pro<,(,ss. Then th(' net

rat(, of heat ,hsorption by surf+,'(, y is ++iv(,rl by
the third |'(,latiotl,

'_VI I(vt'O

and

[_ _ + (.>-- <T+,,')7'_C+7,4, II
z + .....

O"E '2, fO'!t

l -- I'_( I --_, )(1 --0+_)

(1)(i(')

Ex'r I':RN+_.LPROTECTION

Solar shadow shields. Asmlming the iiwoming

waves of eh,('l romagn(,ti(, radial ion are t)ei'pendi<'u-
hu" to the radi.tion shMds and that tht, r(, is no

/V rod;orion shields

aS' _0

+.,11----

..<___
E_cterncll flux

/1:/.2:Z3=/4 =... :l_

(tl

lemt)erat |+rl, gJ'ndieni n(,ross any l)arti<mlar shMd.

the equation for the net rate of.' h(+,lit, at(sort)ti(m by

sttrfa('t' y (sketch (t)) through oile shi<,ld is given by

c_) GT B(;. " -t- "ll--(r+,,) +1'I,
.'| _+ 1_+,,++,)--I+21

',--..._y--.-.-_
l)_

For two shM(ls,

For three shii,hls,

/ \
• /G-- +- +(/[--_e:
\.'IJL2--" G{_: ! EZ) /_'I O'('6++,-I ,++.)--1+.+'--II--B(]',

]J._

• +4

Q) ++.,.)'G :+-+ Io-(+,,+ e,)-- Ell <_(+,,+ +; - E--Ill- BG } BAT'S, (ll-- <re,,')7',_,7"1:+=. I<,+,,+zi+ -/c- II I .!I,_({,,4-++)- I<;Ilo +,,-(+,) -/': ± III -B (7: --I <,(+,,+_ -- l<;117,G) +

F<)r +V_>2
= . _=k + I " y 7 _ 4(?_ _ ,+.+)(; --(I4,.-!)Ba ,,

\.t/,. l,_(+,,--+,'_-/c- HI(/).,_ ,)- (/;t,,-_) BG+ (H-- _-+,,)7'_ (I);)
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witere B, E, (l, and/[are the same as the constants

for equation (1)2), aml }" is the im'oming flu× (e.g.,

if' the incoming w_Lves of ,ph,ctromagnt`,tir radiatic, n

'm' frmn tin. Sun may, _ =_._(rs,,'_s,.r 7':_.). The

assumption of absorptivity and emissivity of the

exposed outer surftwe (a.s,e.) allows for solar ab-

sorptivity to be diit'ereut ['roln emissivity. '['iwse

equnlions assume lhal lhere is heat Iral]sfer only

tltrt`)l.l_ffh lilt.' ('[l(l of lht`' COllll)Otl('lll: ltlll] |hill |lie

environmental lelnl)erttlur(, is 0 ° I{.

A furtlter g,eneraliztllion of shadow shi_,ids ran

t)_, mmh. by h,l ling the other shield assume a hu'gm'

dinmeler lhan that of lh(, ('omponent being l)ro -

l_,rted, as show. in sketrh (u). For this model,
the extra'rod ttux l" was assumed to he incident

only on the shadow shield at the greatest (|istanre

from !I.

-_ :ff- ely, _y

/"

Itot

External

flux ,

F

qlt)

Again, in order to obtain a r(,asomd)h, solution

for such at shadow-shieht system, it is assumed that

the ungle f_wtorsj,.l,jl,e,.f_,a, • .., and f_.... v are nl|

equnl. This also stipulates that ft,,, .I_:,...,

and.!_v,.v_t be equal. Th(,s(, conditions will t)c ful-

filled hv using the following equations for the
shield rndii and spar|rigs:

altld

/i 1.art 0) "v, ,, = ,',, ( 1+ ,:_,

I_ tan
• 0) _ --*

where ,w is the radius of any shield in the syslenl,

lx is tilt`, (list am'(, r(,(luired liel'e,'een a(/ja('enl shields,

and Ois half the ('one angh,. The lotal hmgth of
the shichling sysh, m (m,gh,rting 11.., thirkm,ss of

tim shields) is the sum of the individual sptwing's

/_,/e ..... and Ix. Tltis is _iven t>3

,_v E(+, )]/,,,, :k2 (:,)=-'" '
i=1 [iLtl 0 l-- 1 lltll 0

f!/

When 0 >0,/,0_ ,/_(N).

If one shiehl is placed 1)etw(,en tilt`, external heat

sourre and the cOral)orient y, lhc net rate of hettl

absorption by surt'a('o 1t is given t)y

( /..o.(

_,V]1(q',l'

G_.y fq i_

B I_.rL,,f,,.,(iLG,)(I_c_, I

G- ,, _,.L . ,_,,

1--/t.u f_,, (l -- oe,)(1 -- o_,)

.ud )" is the external ttux. (This assumes that

the waves of (,h'('tronntgn(,li(: rt.liation from the

external heat source are parallel.) With two
shiehls,

O (;zYo_,_(1--iZl,lll0)-F o'(e,, ! ej)--EJBGT_

\..l,,/_, , I_,(_,+-_)-/':ll_,(_,,+_)-l£-/]l-l_i
I):

+ (//- _,,) ")'_

For N>2.

,. a_,y_,,( ,+!'_ t,l,, 0 ]'% (/),. ,) BO_,, a

: t;:/,.=1, iL,+_,i L i.:L i5 m(;L, ) --/u; _]_,L.)

+(n-_.)'l';

wh(,re l)x__ and Dx_., '_z'e the (h, rlomin;ttors of tit(,

fraelions in the equatio.s for N--I and N--2

shMds, resl)eCl ively.

Solar foils. The expression for the net raw of

heal absorption l)v surl'twe y through N foils can

lie ol)lained by setting the angle t'ador J equal to

1 in equal|on (1)7). '1'1., resulling equal|on is
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O_" 15 " .V

When (o<,/e),(e/o<). 1, lilt. expression

"O'" q6 " "' Ct'" ((,-[(;i,,(.,i.]}.......[,-<,),,,).]
shouht t)e t'el)hw('d by A\ This equation gives the

heat-transfer rate througil the end of the lank
only. If. was assumed that tim Ilu× )'was in<'ident

only tq)on tim outer surface of the lit'st shield.

Planetary shadow shields.-- The expression for

lhe heat-transfer rate (through the end of the

vvlimh,r only) and shMd t(.ml)er_lur(,s for llw ar-

rangemem in sk(,teh (v)

;Llld

F( .c-bl,'_ . . ,.-1,',
T,,..=b.:,_,,.::),:%J

'.,+ ¢ ':,7'_._+ ( ',7'2.:')' 'T_=( -_''_-: (,.(,

, , / t'/'7 \
.= t',_- ( ,.-( _--/(, _(::1` /

T
® ©

_"-r' 'E_,
,- E_-,I _.

"rJ "8,2J t':,z We.q

IV)

.re g'ive)) })v

:t{- [(:"_+("_1, ),_'li .::/1

,,. ) ]+ ,_? +( ('._--('-'1 1 ,--('_,,
I/ \

(D ,())

(l)s)

an(l

b=(,fl';-F(',o+('n-]-kt,,6. __(,/('-

,(,(:_ 7 _.L_(y
C - (, (' . ,_-i ( 'i(._--( '15

fi-- 2

_ - b--C'l,,+t'

(.I c-i ( 'it,

,. :'-- ]_--\,('_-- ( .2!

Th(, expressions for the (tonstanls are shown at th(,
emlofthisseclion. It has been assumed for lhese

planetary sh.(low-shiehl expr(,ssiohs lhat (1) the

telnl)eralur(, gra<tienl lhrou+zh nnv shieht normal

to ill(, shMd stn'l'a('e is zer<), (2) the tank nnd

shi(,hls have ('(It]al diameters nn([ nre equal

dislan('(,s .l)arl, (3) tlm ('vlin(h'ical axis of (he

(,Oml)O]Wnls lies on th(. Stm-l)hm('t _xis, (4)

thermal (,(luilil)rium prevails, aml (5) (h(' .ngl("
fa('lor b(,tw('('n a shM(l and spa('(: is ('(lual to I

t)tinus tilt, angh, factor l)(,(w(,(_)) shields.
Solar shadow shields near planet on Sun=

planet axis.--Simihw]y, (h(' (,xl)r(,s._ions for (h('

)let rat(, of heat al).,+orl)tion hy surface y an(l tin"
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'_ a'e),, '_ da,2 l X .dy (_4(1 ' ")

('.,_-- ( '.>J1+,_)

,if.,I / e'F _ _ ,/ - (
._.,}_ ,,_.r.8,,.:..h_._',,ro_._ : r_, _'L/__(,

1"8,, i ,2 I a,2 -L'y ('27 ,A,,,,/ 2;,
I W )

,_hiehl temperature,_ f<w (he _m'm_Kemettt in _.:<'tch
(w) _u'ogivolL by

• ( ,.[ (p - m _) (.. -_., ;')+ (. i "*":) (" ¢ I. ;)J

%

, (CI_,--(...)I_,_-(_,_j (DIO)

Solar shadow shields near planet on planet

radius normal to Sun-planet axis.-The expr(,s-

SiOllS fol" tli( _, IIPL heal-trallsl'or l'Iito llu'ollKh the

® (!)

i---r2
\ ! // .

&' P /,_,__j ,,p',-,_ /p'e,,". r",-,,-L(F,2 L(B,) "- Le" F,I

1' F (,+,,,;)(v ,,,/) _<, + ,,,.i)0,+ ,, ;) -]"'
" _=L-_P_;,,,,i(_z ;;;})_ (,'--t-,,L>i:,,_i_i)J

"r,,,. ((' J'_',+L':(Q'-:_¢,..t,("7"IdT('_:'-__¢, (':'f_"',
_' .-1,,., 2" /

'W}I(_I'O

;::¢ %-! ('=.-* ._i*%+ (':,_)
( "-)_-- ('-_; C) + x)

( ':/I g- s')
J _ ( '2_, -- ( "' 4 { | ' '_")

x)

end ()1' the %liHdri('al tank aml shield teml)Ora-
tures for (he arranL,('m('nl shown in sl_el('h (x) are
given by

t (_:0" ( 44

(.(7- ,'':)v ',.:z ( ,,0_ (,,_)_ (,:( ,_

+ ( ?,+ ((',,)-('_,) Y_ (I)_ _)

1 [-( '7(( ',_-- (':,7) -(',_--('.,)((',J'_+(_4_+('_,)] _'

,.: (',_+ ( 'r-'- ( '_+ ( '4.r

0_( 14rtl_- 1_I_( 32_J_ 34-[- ('23)

( ' ('.,:25 -- -

_-1_,_(,

\ ( ',_ ( '.. /

The expressions for (hese ('onsl,mts are given at,
(he end of this section. Th(, pr(,(_etling (,qualions
assume that (l) th(, teml)(,rature gradi(,nt th)'ough

,my shi(.hl is zero, (2) th(, (a,d< and shMds h.vt.
eqmd diameters and are e(lU_d (listan(,es apart,
(3) l)hme(ary flux is r(,lh,('t(,d only once l)(,l'or(,
passing into spa('(', (4) the vehi('h' lies in _ phm('
i)erl)endi('uhw 1o the ,<,un-plan(,t axis with the



THI.II{MAL-PI'H_)TECTION SYSTEM:'4 IdOl{ SPACE-VI'_HICIA': CI.IYO(;ENIC-PI{i)PELLANT TANK:"h 35

shadow shidds orienled lowards the Sun, and (5)

lllel'ltlal e(tuilibriunl prevails.

The ('Xl)ressions I'or the (.onslants used in this
section :lr(' ns rollows:

1, 6/_ .t :,.f_,.1( 1 (_,_...,)o/n.t
( "4r

( 1:/:== ( _4'.

%.f _l.20lB. "2

( _4_,

•I, )

=

( '4r

'.1 ° .)'_ .

_*_', 2 (''") /,12, IL£B. ]

( '-,7

e._'l--.l'e )f.,,(1 ,_,,.:)o/_<,T4+<(1--f.e')_,,._T_
(;7

( _47

( '+; _:F 1 } _:B. 1

(, 47

6_F. 2

(( , \. zL+/ "

ZI/I o" . .

( _t_- ---- 2 .. ....

( _47

( A,,. :,_

( 'l7 ---

( _4S

-48

_, f_.,, t, .41 -o_,, :)_,,
(_19: " " "

( r4_,

( '_,o_ - ( '_-i -

,t_ ,,'x . (
.1' ) lr..#X,, _

.q_ " t _l
( !4S

( '2 ] : _: II

t' I¢_(t-- f .,)l .:(t--_..,)_,..,-'_(l--.f_,,,)oi,..:lT_
22 = " ( _47

*', ,//2.] " " 2f2. I 1 --/'X/", 2)(| l)(gF. 2''46_

+
( '47

I_.,.(]-.f..,. )_,.._ _,(1--f,..,).f .e(l --oe,,. ,)_,..d T.t
( '1__ " ( '47

*lh ") .

( ._" )./F2, I'O_F, 2( 4t_

"_'|b I" " "

24 ' ) _ t/ " . ,I 1

( ( ?47 -

A_ ,x ..... (,

('11: : " "/ tZ

( 4fi

q._ I,e (1 -t.,. :, o_1,..,_-,6_ (l --.t),. e).l',..a(1 --G,,' oct, '2]T_

(";:-')

( _25- =
( _47

(,.,,_ _I6._( 1 _.f'._,. ().t:_. ,(1 --oep.. :.,)eL,i. ,+6_ '1 --f..,)a_B '1T'_
" (" '4?

( _47
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¢._ (?1.,
2, _, zlq ) (_F't + Ell'l)

( _,_ep, 2./'2. Win. 1
( _47

( '29m=

t _lt f'\ • (£

( '17

('3q)

( 47

t':, [e<(1-1"2,)c_,.2 # _(I f 2")f.dl--e_it()_r. 2]7'il
'47

-t- ¢ '4r ....

I¢,(I - I_ ,,),,,..,-+ _,(1 -f,, ;)f,, .,(1--<_,,)<_,,_17'_
I/ ':{2 : " ' ,......

.1, ,,'x . ( .,,,

+
( 4s

I_<(1 ---.L,..e)(_.,-'+e(l f'=. )t'=.,,(1 _,,_')<,,,17'_,

" ' .f_e.i:f,.:,(l--¢zn ,)tr./ 4+;

( "_

_<(1 .f2.,).f2.,(I (_F.j)C_S,., +' t_(1 .f,.D_i,.,1T _,
( '47

('3_I {P' 21"1 :'/'7 I (1 O:'B. )O(P' 2

( !47

¢ % _.,,_...,7'II(i-.f2.,) q-(.1--.f 2)f,..,(l-_,.,)1
(" _47

+.l,_ _....>('_,;

¢, _.c_, J':'<l(i-f.,_.,)+(1-.f:,.,,).f,,=,(l-<+,,)]_ ,. ¢,
41 ('4_, _1 l,Og#t, 2 ,16

(_42 _B.2 i _1".2

1,= _,%T11(i -.f, e)+ (i -f.>,,l.., ,(i -c_,,.2)14_i. r,
' ig '4_ I .-sOg# 4(;

( '44 _ B, 2 l 2. qOty

( '4_,

(, 3 ..._ / r_ \2
•t'; =et>/l'-{ fII'_S{ " } 7'_r----'

ff "_ I',,;, l,]

¢'4,=1_.1" .2I'2.1(1--a,._)(1 tit..')

('_:: 1--.re.,, f ,..el l --o4q .2)(1--%)

Insulation, - If it, is liSSlliliod ttuil thel'e is heal,

lrlinsl'er only llirough llie eiHI or lhe vonipoii(,iil.

y, lll(, t,xl)i't,ssi(lii for ihe i'Itle of holll nl)sorpli(lli

.;,;)
d- ('4r

I,_(_ t2 ,)(<_,,..2)+_.,.(1 f, =, f,, .,(1-c<,,)l,,,.._.]7',_
( '35= " ' " -

iv '4"4

(A, .,) .
+ .1[,- .h,...i>f.>.,.f,.=>oe,,..2(l--<_,,.2)lt-<_,_)¢'_,;

( 45

' "'4
(a6 tttF._7

+ _,c_n.) T.4l (1 .1,. 2) _ (1 - f. 2) f2, ( 1 -- _F. J)
(4r

+1",. (_,,., +_'_ )

i% •

I,v sui'faue .q (+ketvh (y)) is

fi)_=k (7", 7',) (Dl211)
A t

tlowevi,r, sin,'e 7'a is ilol kllOWli, liiiolhel" equiltion

is needed. T}le not l'llle ()t' ]leitl absorplion ])y
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sm'faee I due lo thermal r_ulialio,s fv,,n exlerlml

sources is given hv

Q 7'I (D12b)

These two eqtmtiolls van t)(' equated (since the
amount of heal lhal enlers surface 1 musl be

equal to Ill(, amounl of heut that l)aSSVS through
surface !/ assuming no heat loss on th(, edges of

lhe insulation), nnd 7'_ ('un be obtained by a trial-

and-error pro('ess. After 7' 1 iS kllOW||, eilher e(]tlll-
lion ('an be use(l for life heat ttux.

Another at)pli(.alion of insulation t)etw(,en a

(_ons|lltlt-t(,lllt)(,ratlll'(, SOl.it'('(, _tn([ tilt (,XlPl'l/_ll }l('_ll

flux is shown in sl<el(.h (z). It. is asstlnH,(I lhnl

® ©

ay,_y' ! ' :2,_2

Izl

al,_ 1

•..,,i-------- y

the waves of eh,('tronutgneti(_ radiation from )" ave

n(,i(lent only on suvfa('e l. The net rat(, of heat

M)sorption by sm'fa('e 1 due to radiation from Ill('

external heat sour('e must t)e equal 1o the con-

du('tive heat-transfer rat(, through the insulation.

This is given [)v

k CT,-Te) =a0"- o-_,7'_ (Dlaa)
t

A similar equation ('an he obtained for surt'_w(, '2"

The term on the right side of equation (D13b) is

the expression for tile net rate or h(mt emission I)3"
surfa('e 2. If 7'_ and T2 are the only unknowns

in (1)l;h_) and (l)lab), lhey c_m l)(, ol)lained 1)y

a lrial-aud-error pl'O('('ss. Then ill(, rate of henl

I[l'llllS['Ol' into surfa('e ?/ is given 1)v

E °+ -1}+,, g;', __j._.,(1__]) (:l_,_i- l (DJa,,;

Combining shadow shields and foils. -'l'h(, heal-

lransf(,r rale for the system shown in sket(,h (a')

]'(,quires a lrial-,m(l-(,rvor solution 1)(,tw(,en Ill(,

, N foils

" aF' _F

Ill' )

shadow-shi(,hl e(tuulions (I)9), (Dill), or (I)11)
and lhe foil eClualion (l)S). In using _),'.l from

the shadow-shidd equations, rel)la('(, T,, hy "I'_.,

_ I)y o_., and _, t)y _.. Then, I)y Irfld and error,

tile outer-foil lellll)(,ra!ure 7_, is foull(I, whi(,h
gives e(ttml values of Q/,l for tile shadow-shi(,ld

equations and the foil equation. This method
assumes tlmt, whenev(,r <t and b areas exist ()n the

out,r foils, the out(,v foil hus infitfile c,onduetivity
laterally.

Combining shadow shields and insulation.

The he_tl-transfer rate for the system or slmdow

shi(,hls and insulation in sketch (t)') re(tuires au

'-_i , e'i

I I)' )

iteration 1)(,lween the sha(low-shiehl equltlions and

lhe insuhdion, e(tualion. Again, in using 0/-[

from eqtmtions (I)9), (I)10), or (l)ll), it is

ne(r(,ss_u'y to rel)htce :/'_ by T_, <, hy ell ll. llll O_y by m-
Then an it(,ndion is required to determine the

e(tuilil)rium value of 7'_. This method also

assumes that, whenever a an(l b ar(,as exisl ()n lhc

oul(,r surface of the insulation, this surface is
assumed to have an inlitdte (:.ndu('tivily httm'ally.
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